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Radioactivation Analysis of Oxygen and 
Boron in Transistor-Grade Silicon’ 


Tadashi NOZAKI{ and Junichi SIMADAt+ 


Use of the °O (a, pn) '*F reaction provided the most accurate and sensitive method yet 
tried for the analysis of trace quantities of oxygen in transistor-grade silicon, with the 


determination limit being as low as 10~° grams of oxygen. 
g& & VE 


The sample was trradiated 


with a-particles in a cyclotron, and the activity (disintegration-rate) of the °F was 


measured after chemical separation. 


It was pointed out, on the other hand, that for an 


analysis of boron by the 'B (p,n) 'C reaction, nitrogen should be determined by another 


method because of the simultaneous occurence of the +N Pp, a) 'C reaction. 


Introduction 


Determination of trace quantities of im- 
purities in transistor-grade silicon is very 1m- 
portant in the research and production of 
silicon semiconductor material. Various analy- 
tical methods are useful for a variety of im- 
purity elements, but trace quantities of boron, 
carbon, nitrogen, and oxygen can rarely be 
determined by either chemical or neutron 
activation methods.*' These elements are 
abundant in nature and it is very probable 
that they are present in high-purity silicon as 
impurities. Although neutron-induced nuclear 
reactions are mainly used for radioactivation 


* MS received by the Electrical Communication La- 
boratory on February 25, 1961. Originally published 
in the Review of the Electrical Communication La- 
boratory, Vol. 9, Nos. 7-8, pp. 403-407, 1961. 


+ Kobayashi’s Research Section. 


analyses, other nuclear reactions using charged 
particles seem also to be very useful for the 
determination of small quantities of such ele- 
ments. 

In neutron- and photon-activation anal ysis 
the entire sample is activated uniformly. Also,, 
a standard material coitaining a known 
amount of the impurity element is irradiated 
together with the sample under the same 
conditions and the impurity content in the 
sample is calculated with respect to the 
standard. Since charged particles lose their 
energy very rapidly in a solid material, the 
radioisotopes are produced only in limited 
portions of the sample. Also, the reaction 
yield of a certain radioisotope is highly de- 
pendent on the energy of the incident parti- 
cle. Therefore, a standard material is useless 
in such a case, and an absolute method should 
be adopted. The cross section of the nuclear 
reaction is accurately measured in advance of 
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irradiation with charged particles of different 
energies. The amount of radioisotope pro- 
duced is measured absolutely after the sample 
is irradiated, and the impurity content is 
calculated from these data. Using the ‘°O(@, 
pn)'*F reaction, the authors have discovered 
a new method for determining a quantity of 
oxygen in silicon as small as 1X10~* p.p.m. 
They have also examined the possibility of 
the determination of boron in silicon by the 
use of the ''B(p, 2)''C reaction. 


1. Determination of Oxygen in Silicon 
1.1. Survey of Previous Work 


Use of the following three reactions has 
been tried for this purpose‘?~“?; (1) ‘O(Z, 
Dike) OG. 2) °O, 3) VOG, nF. Re 
action (1) takes place when an oxygen-con- 
taining material in close contact with lithium 
(or its fluoride) is irradiated by neutrons. 
Tritium is generated by the reaction ®Li+n 
—t+*He, and has 2.74 MeV energy. Its 
range is only about 6.4g/cm? in lithium 
fluoride and 15mg/cm® in copper. Hence 
the sample should be pulverised and mixed 
well with the lithium (or lithium fluoride); 
otherwise only oxygen atoms very near the 


surface take part in the reaction. Oxygen is 
readily sorbed on various kinds of surfaces, 
but the surface contamination is removed 
only together with a considerable portion of 
the inner part. Lithium (or its fluoride) always 
contains a trace of oxygen, and the accuracy 
and the sensitivity of the determination are 
inevitably limited. 

Use of reaction (2) has a low sensitivity 
because of the difficulty in separating short 
lived '°O and because of the abundance of 
oxygen in air. Reaction (3) is not suitable 
for radioactivation analysis owing to the 
limited quantities of *’O. 


2. Use of (a, pn) Reaction 


The reaction ‘O(a, pn)'*F was adopted by 
the authors because it appears very probable 
that this reacticn enables more accurate and 
more sensitive analysis of oxygen than any 
other nuclear reactions do, so far as the 
sample has a high melting point and a low 
vapor pressure. 


3. Experimental Process 


A silicon plate (30*17*1mm; 1.2 g) was 
placed. with the aid of spring washer on a 


Fig. 1—Cyclotron 
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= 


Fig. 2—Target 


target holder, which was made of aluminum 
and cooled with running water. The silicon 
sample was irradiated with a-particles (40 
MeV, 7 #A, 15 min.) in a cyclotron (Photo. 
1 and 2). (The range of the a-particle in 
silicon is about 0.8mm.) Too high a flux 
or poor contact of the sample with the holder 
caused slight fusion of the sample. 

The activated silicon was carefully treated 
with hydrofluoric acid containing a small 
quantity of nitric acid to remove the surface 
contamination, and pulverised in an iron 
mortar specially prepared for this purpose. 
All of the silicon powder was added in small 
portion into fused potassium hydroxide (25g) 
containing sodium fluoride (10mg) and di- 
sodium hydrogen phosphate (10 mg) as the 
carrier (for fluorine and phosphorus). When 
the mixture became uniform, sodium nitrate 
(1 g) was added to oxidize the phosphorus 
(into the phosphate). This was formed by 
the reactions ?°Si(a, p)*?P and *°Si(a, pn)*’P, 
and serves as an internal monitor for the a- 
particle flux. The fused cake was then dis- 
solved in sulfuric acid 200 ml) in a distillation 
flask, and the fluorine was distilled as silicon 
fluoride at 150~160°C. The distillate was 
caught in aqueous ammonia, and the fluorine 
was precipitated as calcium fluoride together 


and 
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Verget hhelder 


target holder. 


Table 1 


RADIOISOTOPES OF LIGHT ELEMENTS (Za) 
WITH A HALF-LIFE BETEEN 5 MIN. AND 1 
YEAR. 


Nuclide | Half-life | howe Ot) ray tency | fay fener 
me toe Becta | ES 0. 48 
ae = 
1. C¢ | 20m B 0. 968 no 
a <i 10 7 B LZ | * 
oe Ee IZ ton B fi 0. 649 | a 


with calcium carbonate by adding calcium 
chloride and sodium carbonate. The precipi- 
tate was filtered off and the radioactivity and 
weight measured. The chemical process re- 
quired about 2 hours. 

Several devices for the absolute measure- 
ment of the radioactivity of ‘°F were used: 
(1) coincidence detector with two Nal scin- 
tillation heads positioned 180° from each 
other, (2) scintillation detector with a known 
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efficiency (a well-type or a nonwell-type Nal 
crystal), (3) G-M low background counter 
with high efficiency.*” The counting-rate 
was so high that the use of the first or the 
second device was preferred (210° to 2X 
10‘ c.p.m. for the second device). The count- 
ing-rate was measured every hour for 10 
hours. The decay curve agreed with that of 
18 and the spectrum consisted only of the 
annihilation radiation. After measurement of 
the counting-rate, the amount of fluorine in 
the precipitate was determined to obtain the 
yield of the chemical separation, which was 
about 80%. 


4. Results and Discussion 


The yield of the reaction ‘*O(a, pn)'*F had 
been determined by two of the authors‘; 
and it was indicated that when silicon con- 
taining 1 p.p.m. of oxygen is irradiated with 
a-particles of 40 MeV, one atom of ‘°F is 
formed for every 210° a-particles (statisti- 
cally). Crude silicon contained 4p.p.m. of 
oxygen; transistor-grade silicon, which had 
been purified by floating zone-refining in 
vacuo, contained 0.3 p.p.m. of oxygen. Such 
a small amount cannot be detected by infrared 
absorptiometry. If the sample were kept ina 
good contact with the holder, irradiation with 
a higher flux (20 vA) and for a longer period 
(2 hrs.) should be possible. In such a case, 
1X10°* p.p.m. of oxygen would offer a count- 
ing-rate, due to the ‘°F in the separated 
calcium fluoride, of more than 30 c.p.m. at 
the initiation of counting when the counting 
efficiency is 40%. This value is sufficient for 
a determination of the oxygen.*®» Thus, the 
sensitivity of this method is much higher than 
that of any method tried before. With a 
slight modification of the chemical process, 
this method can be applied to the determi- 
nation of oxygen in other materials with a 
high melting point and a low vapor pressure. 


5. Analysis of Boron in Silicon 
R. A. Gill® reported on the radioactivation 


analysis of boron in silicon by the use of the 
“B(p, )''C reaction. Although his work is 
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quite valuable, the reaction '4N(p, a)''C must 
be taken into account and only the total of 
the nitrogen and boron can be evaluated, 
because both reactions give the same nuclide 

GC, It is quite probable that a trace of nitro- 
gen, the main constituent of air, is present 
in silicon. Thus for an accurate determination 
of boron, either of the following processes 
must be adopted. 

(1) Two pieces of the sample are irradiated 
with proton beams of different energies. Since 
the yields for 'B(p, 2)'C and ‘“N(p, a)''C 
are dependent on the energy of protons, the 
amount of '!C produced in each piece is a 
function of the ''B and '4N content. When- 
ever the reaction yields are known, both "'B 
and '4N content are determined individually 
by solving a pair of simultaneous equations. 
(2) The content of nitrogen is determined by 
the use of the ‘*N(7, 7)’®=N reaction. The 
content of boron is calculated from the amount 
of ''C formed by one proton bombardment, 
so far as the excitation function for both re- 
actions are known. 

The latter method is preferable, because it 
would provide better accuracy, and because 
the determination of the trace of nitrogen is 
itself important. The determination of nitrogen 
by the use of a powerful linear accelerator is 
now being planned. 


6. Experimental Process 


A silicon plate slightly thicker than that 
used for the determination of oxygen was 
bombarded with protons (15 MeV, 10 A, 5 
min.), etched, pulverised, and fused with a 
mixture of sodium hydroxide (20g) and 
sodium nitrate (15 g) containing sodium carbo- 
nate (1g) as the carrier. The fused cake was 
dissolved in water and sulfuric acid was added 
until the solution became acid. The carbon 
dioxide was caught by aqueous ammonia and 
precipitated as calcium carbonate, which was 
filtered off, and the radioactivity measured. 
The yield of the chemical separation was de- 
termined after the counting. The separation 
required about 45 min.; the yield was about 
50%. The radiochemical purity of the sepa- 
rated carbonate was satisfactory. 
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Since the excitation function for the re- 
action has been measured,“ the content of 
boron could be calculated on the assumption 
that the contribution of nitrogen was_negli- 
gible (however this assumption is not com- 
pletely correct). 

When silicon containing 5107° p.p.m. of 
boron is irradiated with protons (15 MeV, 
10 wA, 5 min.), the activity of ''C in the 
separated carbonate is about 1X10°d.pm., 
which is sufficient for an accurate measure- 
ment of the nuclide. 


Conclusion 


A trace quantity of oxygen in transistor- 
grade silicon was successfully determined by 
radioactivation analysis utilizing the ‘O(a, 
pn)'°F reaction. And it was pointed out that 
for the determination of boron in high-purity 
silicon by the use of the ''B(p, )''C reaction, 
nitrogen in the same sample must be deter- 
mined because of the formation of ''C also 
by the *N(p, a)"'C reaction. Such a radio- 
activation analysis will surely provide new 
data that will be very useful for the research 
and production of transistor-grade silicon and 
other high-purity materials. Radioactivation 
analysis using charged particles or photons 
as the activation source should be further 
studied for other kinds of trace impurity ele- 
ments such as carbon and nitrogen, which 
can be determined neither by the usual 
chemical methods nor by neutron activation 
analysis. 
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*D For a precise determination of a submicroscopic 
quantity of an impurity element by radioactivation 
analysis, chemical separation is necessary, unless y- 
ray spectroscopy is useful. (In general, y-ray spectro- 
scopy is a poor tool for a sample activated by 
charged particles or photons, which usually produce 
positron emitters.) Hence, a short lived radioisotope 
—less than 5 minutes—is not useful for the deter- 
mination of the element. There are only four radio- 
isotopes of light elements (with atomic number less 
than 10) with a half-life between 5 minutes and 1 
year as shown in Table 1. 


*» The first and the second devices measure the an- 
nihilation radiation of the positron, while the posi- 
tron itself is counted by the last. The first gives the 
highest accuracy for absolute counting, but its count- 
ing efficiency is the lowest. The last is indispensable 
for a very low-level activity, but measurement of the 
positron is subject to interference by various radio- 
chemical impurities. 


*3) By the usual chemical methods, quantitative analysis 
of 0.1% of oxygen is very difficult. The limit of de- 
tection by infrared absorptiometry and by the radio- 
activation analysis using other reactions are 1 and 
0.01 p.p.m. respectively, of oxygen in silicon. 
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Observations of Uniaxial Anisotropy in 
Ferromagnetic Thin Films by Means of 


Bitter Technique 


Yuzo ODANI and Yuzi GOMI}{ 


Experiments were performed, by means of Bitter technique, on the existence of a unt- 
axial anisotropy in thin films of Fe, Co, and permalloy ; and on its influence on the do- 


main structures. 


ed also in Fe and Co films. 


Uniaxial anisotropy, not due to the oblique incidence effect, was observ- 
In Fe films, uniaxtal anisotropy 1s characterized by the 


existence of cross-ties; in Co films, by the appearence of zigzag walls; and in permalloy 


films, by the appearence of slender domains. 


I. Introduction 


Although ferromagnetic thin films are not 
fully developed at present, application’*’ for 
the memory cores of digital computers is 
being considered because the switching time 
is very rapid - namely, a few nanoseconds”. 
The most important and fundamental pro- 
blems in thin films are the origin of uniaxial 
anisotropy and its influence on the reversal 
time?®®”. Only problems concerning uni- 
axial anisotropy are discussed here. At pre- 
sent, these problems are: (1) there may be 
a different cause of uniaxial anisotropy from 
that observed in the bulk materials, (2) how 
the uniaxial anisotropy changes the magnetic 
domain pattern when the flux is reversed, 
and (3) why the axis of uniaxial anisotropy 
varies slightly from point to point in the film 
plane. 

Generally, in thin films, uniaxial anisotropy 
is induced by evaporation in the presence of 
a magnetic field”, and its origin has been 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory, April 25, 1960. Originally publish- 
ed in the Kenkyt Zituyéka Hokoku (Electrical Com- 
munication Laboratory Technical Journal), N.T.T. 
Vol. 9. No. 7, pp. 803-815, 1960. 

{~ Magnetic Materials Research Section. 


proved to be due to (1) short range direction- 
al order”, and (2) angle-of-incidence effects”. 
In thin films, however, there may be a_ uni- 
axial anisotropy of still unknown origin. 
Many experiments have been performed as 
to its existence, but no definite results have 
been obtained. 

If uniaxial anisotropy of this type exists 
in thin films, it must also exist in Fe and Co 
thin films, and it is very interesting to ob- 
serve the patterns appearing on these thin 
films. Fuller’® has experimented on this pro- 
blem and reported that there was “little 
anisotropy” in Fe thin films. 

Although Fowller et al'?, Fuller’, and 
Williams and Sherwood!” observed the effect 
of uniaxial anisotropy on the magnetic 
domain pattern in permalloy films, they did 
not point out the characteristics appearing 
when the flux of thin films was reversed. 
The characteristic is that thin films are always 
covered with slender domains when whole 
magnetizations rotate as a single vector quasi- 
statically and uniformly. This paper reports: 
(1) in Fe thin films, uniaxial anisotropy does 
not affect the domain pattern, but the domain 
walls, and (2) in Co and permalloy thin films, 
magnetic flux can not rotate quasi-statically 
in a uniform mode. The experiments were 
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carried out by observing the magnetic domain 
patterns by means of Bitter technique on 


miscellaneous specimens made under different 
conditions. 


Il. Preparation of Films and 
Experimental Procedure 


The samples used in this investigation 
were made by evaporating iron, nickel, cobalt, 
and the alloy of 82% Ni-18% Fe on micro- 
scope slides. The metal to be evaporated was 
heated in a helix of tungsten wire. 

A pressure of 1-10°-°~7xX 107° mm Hg was 
maintained during evaporation. Some of the 
films were deposited on substrates heated to 
70°C while others were deposited on sub- 
strates heated to 300°C. Some were formed 
in the presence of a magnetic field of 900 Oe, 
others in the absence of field. In the next 
section, the direction along which the mag- 
netic field was applied during evaporation is 
designated “preferred direction”. To prevent 
oxidization of the samples, they were removy- 
ed from the vacuum chamber only after they 
had cooled below 50°C. The field of the 
earth was compensated by using a Helmholtz 
coil and the interfering field from the filament 
current was decreased to about 0.1 Oe by 
making the loops of the heater circuit as 
small as possible. The thickness of the films 
was measured by means of multiple beam 
interferometry. The errors were within 20A. 

The surface of the substrates was cleaned 
by the following procedures: First they were 
cleaned with NaOH, K.,Cr,O;, and Nitric 
acid in succession; then dried in successive 
rinses of distilled water, alcohol, and acetone; 
and finally heated to 300°C in vacuum and 
subject to ion bombardment. 

The distance between the substrates and 
filaments was about 30cm, and a_ shutter 
was placed in front of the substrates. The 
thickness of the films was controlled by vary- 
ing the length of time the shutter was open. 
Evaporation speed was about 50 A/sec. 

To eliminate the shape effect and to make 
the conditions similar to those for appli- 
cations, the samples were formed in 7X16 
arrays of circular films about 2.0~3.0 mm 
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diameter by using an alminium mask. From 
these spots, two were selected through the 
observation on the magnetic domains after 
the ac demagnetization: one, formed by 
normal incidence; and the other, formed by 
oblique incidence. On these two spots the 
following experiments were performed. First, 
the spots were saturated by applying a mag- 
netic field along a certain direction; then this 
field was decreased to zero and increased in 
the reverse direction to the strength which 
caused the reversed domain to form, and 
these domains were observed by the Bitter 
technique. Next, similar experiments were 
carried out by applying an external field 
along directions different from that in the 
above. A uniaxial anisotropy was determined 
by the changes in the reversed domains 
and walls according to the directions of the 
applied magnetic field. 


Ill. Results Obtained 
Iron Films 


In the iron films (30 A~1200A thick) form- 
ed on the substrates heated to 70°C in the 
absence of a magnetic field, the reversing 
behaviors coincide with those on Fuller’s 
film'” which was formed on substrates heated © 
to 300°C in a magnetic field of 1200e. | 
Results obtained are as follows: (1) reversed 
domains always point parallel to the direction 
of the switching field, (2) magnetic walls are 
180° Bloch type, (3) the coercive forces are 
the same in all directions. Therefore, from 
the standpoint of the domain patterns, uni- 
axial anisotropy did not seem to exist on 
these films. Similarly, on the films which 
were formed on substrates heated to 300°C 
in the absence of a magnetic field, the re- 
versing behaviors were the same as those in 
the former case, except that in the latter case 
the coercive forces were smaller than those 
in the former by a factor of three and the 
walls became the cross-tie type. The cross- 
tie wall was not observed in Fe thin films 
by Fuller.’ From these results, it must be 
concluded that a uniaxial anisotropy does not 
exist on the films which are formed in the 
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Fig. 1 (a) 


Fig. 1—Reversed domains and walls in 510A 
thick Fe film, evaporated on a 300°C 
substrate in a magnetic field of 500 
Oe. Spot diameter is 2mm. Figs. 1 
(a), (b), and (c) correspond to the cases 
in which the reversing field of 6Oe 
is applied parallel, perpendicular, and 
at an angle of 60° to the preferred 
direction, respectively. 


absence of a magnetic field by the metal 
beams which collide with substrates at the 
normal angle, even if either the thickness of 
the films or substrate temperature is changed. 


Ds 


Fig. 1 (b) 


On the films formed in the presence of a 
magnetic field, new phenomena were _ ob- 
served, as illustrated by the following compos- 
ite photographs. Figs. 1 (a), (b), and (c) show 
the reversed domains on 510A thick film 
which was formed on a substrate heated to 
300°C in the presence of a magnetic field, 
and they correspond to the cases obtained by 
applying a field of 6 Oe parallel, perpendicu- 
lar, and at a 60° angle, respectively, to the 
direction in which the magnetic field was 
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Fig. 1 (c) 


applied during evaporation. To clarify the 
preferred direction of the spot, a mark was 
made on the cover glass, and this is the 
black part on the photograph and had no 
effect on the magnetic film. In all cases, the 
magnetic walls pointed parallel to the di- 
rection of the reversing field, and it is remark- 
able that the closure domains were found 
only at the edges of the spot along the re- 
versing field. Therefore, the magnetizations 
of the spot pointed along the reversing field. 


All 


However, in Fig.1(a) are observed many 
creases running perpendicularly to the di- 
rection of the applied field, and also cross-ties 
on the magnetic wall. In Fig.1(b), there 
are no cross-ties and creases, and in Fig. 1 
(c), few cross-ties and creases. Cross-ties and 
creases did not appear when the reversing 
field was applied at an angle greater than 
60° to the “preferred direction”. The coercive 
forces were 6.5 Oe, 6.1 Oe, and 6.3 Oe, re- 
spectively. The fact shows obviously that a 
uniaxial anisotropy was induced in iron films 
which were evaporated in the presence of a 
magnetic field, and its magnitude was about 
3:10° erg/cc, which was determined by the 
measured value of the anisotropy field. It 
seems due to this uniaxial anisotropy that the 
walls running parallel to the preferred di- 
rection have cross-ties, and those running 
perpendicular do not. It is concluded that in 
Fe films weak uniaxial anisotropy is induced 
by the field deposition, and this weak aniso- 
tropy affects neither wall movement nor wall 
directions, but it affects wall structures. This 
phenomenon can be explained by a mecha- 
nism similar to the buckling model of fine 
particles or as “inverted films”. 


Cobalt Films 


In Co films, the uniaxial anisotropy re- 
sembles that of permalloy films rather than 
that of iron films. First, the results will be 
explained for films evaporated at normal inci- 
dence, and then for those at oblique inci- 
dence. 

The experiments were carried out on films 
which were formed under the following four 
conditions. The combinations are: substrate 
temperature of 70°C and 300°C, and mag- 
netic field present and absent during evapo- 
ration. On the films formed in the absence 
of a magnetic field, reversing behavior was 
the same as that in the iron films. On _ the 
films formed on a heated substrate, sometimes 
cross-tie walls appeared. Next, the case in 
which the films were evaporated: in the pres- 
ence of a magnetic field, for example, films 
formed in a field of 5000Oe on a substrate 
heated to 300°C will be explained. Fig. 2 (a) 
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shows the reversed domains which appeared 
with a reversing field of about 20 Oe along 
the preferred direction. When the reversing 
field is increased to 30 Oe, reversed domains 
become larger along the direction of the re- 
versing field, as shown in Fig. 2 (b). When 
the reversing field was applied along the 
perpendicular to the preferred direction, mag- 
netic patterns were considerably different. 


RF. = 20Noe 
t). 


Fig. 2 (a) 


Fig. 2—Reversed domains on 550A thick Co 
film, evaporated on 75°C substrate in 
a magnetic field of 500 Oe. Spot dia- 
meter is 3mm. In (a) and (b), revers- 
ing field is applied parallel to the pre- 
ferred direction. The strengths are 20 
Oe and 30 Oe, respectively. In (c) 
and (d), reversing field is applied per- 
pendicular to the preferred direction. 
The strengths are 35 Oe and 40 Oe. 
In (e), zigzag wall magnified from a 
part of Fig.2(c) is shown. In (f) 
slender domain magnified from a part 
of Fig. 2 (d) is shown. 
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Fig. 2 (b) 
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Fig. 2 (e) 


Fig. 2 (f) 


Fig. 2(c) shows the case in which the re- 
versing field is about 35 Oe, perpendicular to 
the preferred direction. In this case, the do- 
mains were separated into white and _ black 
ones by the zigzag walls which are magnified 
in Fig. 2 (e), and the magnetizations pointed 
along the preferred direction rather than 
along the reversing field. When the field was 
increased to 40 Oe, slender domains appeared 
abruptly in white domains. This state is 
shown in Fig. 2(d), and the magnified part 
in Fig. 2 (f). This reversal mechanism is ex- 
plained by the rotation of the magnetizations 
and the growth of slender domains, as shown 
in Fig. 3. It is due to the variations of uni- 
axial anisotropy axis in the film plane that 
the rotations of the magnetizations are di- 
vided into a clockwise sense and a counter 
clockwise sense in Fig.3(b). It is not clear 
why in Fig. 3 (d) the slender domains appear 
in the white domains. 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 


414 


Tee OP 


Fig. 3—Magnetization reversal model for Co thin films. 


Uniaxial anisotropy induced by the oblique 
incidence shows a reversing behavior different 
from that induced by the magnetic field. 
Fig. 4(a) shows the pattern which was ob- 
tained on the 300A film formed without a 
magnetic field on a 300°C substrate by metal 
beams colliding with the substrate at an 
oblique incidence. The reversing field was 
applied along the direction of the uniaxial 
anisotropy. In this case, until the strength 
of the reversing field nearly reached the 
coercive force, reversed domains did not 
appear. As soon as the field strength reached 
the coercive force (about 30Qe), small 
domains appeared abruptly. With the increase 
of field strength, the small domains became 
larger and the unreversed domains became 
darker. At this stage, when the sense of the 
magnetic field was reversed, the contrast of 
the domains was reversed. When the re- 
versing field was applied nearly perpendicular 
to the direction of the uniaxial anisotropy, 
new domains appeared after the reversing 
field reached about 40 Oe, as shown in Fig. 4 
(b). The new domains, however, were long- 
er in the direction of the uniaxial anisotropy, 
which indicates that the direction of the 
small domains is the same as that of the 
uniaxial anisotropy. When the strength of 
the field was 50 Oe, the dark domains almost 
disappeared, as shown in Fig. 4(c). This re- 
versing model is nearly the same as that in 


nF H=—=30) ce 
ExA: 


Fig. 4 (a) 


Fig. 4—Domain patterns on a 300A Co thin 
film having uniaxial anisotropy due 
to angle-of-incidence effect. Spot dia- 
meter is 2mm. In (a), a reversing field 
of 30 Oe is applied along the easy 
axis. In (b) and (c), a reversing field 
is applied perpendicular to the easy 
axis. The field strengths are 40 Oe 
and 50 Oe, respectively. 
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Fig. 4 (c) 


Fig. 6, except for the closure domains. 

On nickel thin films, the authors could not 
make out any uniaxial anisotropy, as they 
could not clearly observe the domain patterns 
under any evaporating conditions. 


Permalloy Films 


Fuller’ reported that the magnetizations 
could rotate uniformly as a single vector in 
permalloy thin films. The authors’ experiment, 
however, showed that the magnetizations ro- 
tate uniformly to about 120°, but over 120° 
they cannot rotate in the uniform mode. 
The same phenomenon was observed in all 
permalloy films which were evaporated in the 
presence of a magnetic field. The results 
will be explained in detail. 

Fig. 5 (a) shows the reversed domains on a 
540A film, which appeared when a reversing 
field of 3.00e was applied along the pre- 
ferred direction. The film was evaporated on a 
substrate heated to 70°C in the presence of 
a magnetic field of 900 Oe. The walls pointed 
parallel to the preferred direction. | With 
increase of the field strength, the reversing 
domains grew with the domain walls moving 
to the perpendicular direction (Fig. 5 (b)). 

When the reversing field was applied along 
the hard direction, many needle domains 
appeared. This phenomenon will be ex- 
plained in the near future. 

Let us observe the case in which the re- 
versing field is applied along a direction in- 
clined by 5° from the hard direction. After 
the magnetic field, large enough to saturate 
the film in that direction, is applied, its 
strength is gradually decreased. In accordance 
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Fig. 5—Reversed domains in 540A permalloy 
thin film (substrate —75°C; field 
strength during deposition —900 Oe; 
diameter —2mm.) In (a) and (b), re- 
versing field is applied along the pre- 
ferred direction. Field strengths are 
3 Oe and 3.5 Oe. In (c) and (d), re- 
versing field is applied 5° inclined from 
the hard axis. Field strengths are 
+6.5 Oe and —6.5 Oe. In (e) the 
closure domains in (c) are shown. In 
(f), the slender domains of (d) are 
shown. 


with the decrease of field strength, the mag- 
netization rotates uniformly from the hard di- 
rection to the easy direction. When the mag- 
netization rotates about 45° toward the easy 
axis, closure domains appear at the edge of 


| 
the spot in both the second and fourth quad- ee 
rants. Fig.5(c) shows the closure domain Rooke 
when the field strength is 6Oe. When the Ks] BE Secs 
field strength is decreased further and_ in- 
creased in the reverse direction to about 6 P.D. 


Oe, the dimensions of the closure domains 


do not change. As soon as the field reaches Fig. 5 (c) 
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Fig. 5 (e) 


Fig. 5 (f) 


Fig. 6—Reversal model in permalloy 


thin film having an uniaxial anisotropy. 
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of the field were 1.50Oe and 3.00e. The 
phenomenon can be explained by the same 
mechanism as above. 

From the above experiment, it was found 
that in permalloy films definite uniaxial ani- 
sotropy can be induced by evaporation in a 
cross-ties, as shown in Fig.5(f). This re- magnetic field independent of the temperature 
versal model is shown schematically in Fig. 6. of the substrate, and the magnetization can 
In Fig. 6 (d), the energy of the magnetizauon not uniformly rotate quasi-statically. 
which points to the first quadrant is larger 
than that pointing to the fourth quadrant. 
And so the magnetizations of the closure 
domains have lower energy than those of the 
other parts. Roughly speaking, the coercive 
force is proportional to the wall energy and 
the wall energy is proportional to the cos ¢ 
(where 2” is the angle between the magneti- 
zations of the two domains separated by the 
wall) and the energy difference between the 
two domains multiplied by the field applied 
along the wall; that is, proportional to H M 
cos ¢. Therefore the coercive force is thought 
to be independent of the angle between the 
directions of the two domains. If the field is 
applied along a direction inclined by the 
angle » from the direction of the wall, the 
force acting on the wall is proportional to 
cos yg. Therefore, until the reversing field is 
increased to Hc/cos g, the walls can not ex- 
tend or move, making the angle @ with the 
applied field. In Fig. 5, this value is about 
6 Oe (Hc=3.5 Oe, y=60°). Therefore, until 
the reversed field reaches 6 Oe, the magneti- 
zation of the main parts rotates in the first 
quadrant, with higher energy than closure 
domains. As soon as the field reaches 6 Oe, 
the walls of the closure domains can move, 
and the closure domains grow over the whole 
surface as shown in Fig.5(d) and Fig. 6 (e), 
because the closure domains have lower 


about 6.5 Oe, many slender domains inclined 
about 30 degrees from the preferred direction 
suddenly appear all over the surface (Fig. 6 
(d)). When the reversing field is more than 
7 Oe, the siender domains disappear. The 
walls of these slender domains do not have 


energy. These slender domains grow still Fig. 7 (a) 

further with increasing field, and finally cover 

the whole surface (Fig. 6 (f)). And then the Fig. 7—Reversal pattern in 400A permalloy 

magnetization rotates in the fourth quadrant thin film formed on a 300°C substrate 

to the direction of the applied field. in a magnetic field of 500 Oe. The 
The authors have observed similar phe- diameter is 3mm. In (a) and (b), the 

nomenon on films which were formed on a field is applied 5° inclined from the 


substrate heated to 300°C in a magnetic field cere strengths are 1.5 Oe 


of 900 Oe. Fig. 7 (a) and (b) correspond to 
Fig. 5 (c) and (d) respectively. The strengths 
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4. Conclusions 


By observing the domain patterns, it was 
found that a uniaxial anisotropy is induced 
also in pure metal films such as Fe and Co 
by evaporation in a magnetic field. When 
Fe films have uniaxial anisotropy the walls 
pointing along the direction of the uniaxial 
have cross-ties, while the walls perpendicular 
to it do not have these cross-ties. This phe- 
nomenon is interpreted to mean that the 
wall coercive force is much smaller than the 
anisotropy field. In Co thin films, the uniaxi- 
al anisotropy resembles that of permalloy 
films. And the oblique incidence effect causes 
the clear uniaxial anisotropy also in pure 
metal films, and the domain pattern is very 
different from usual one. 
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In permalloy films, uniaxial anisotropy was 
clearly shown by the domain pattern. It was 
found that in permalloy films the magneti- 
zation could not rotate quasi-statically in the 
uniform mode from the hard axis to its 
opposite direction. The reversal mechanism 
is as follows: first the rotation of a magneti- 
zation, then a wall displacement, and finally 
the rotation of a magnetization. 
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A 48 Ge Center-Excited Type Channel 
Branching Filter for Circular Electric 


Waves 


Shin-ichi ITGUCHI,} Bun-ichi OGUCHI, and Kazuo YAMAGUCHI 


A novel center-excited type branching filter has been devised, and its characteristics in 
_ the 48 Gc band have been investigated both theoretically and experimentally. This branch- 
ing filter delivers the circular TE), wave of each channel from the main circular wave- 
guide to its respective small rectangular guide in a frequency division multi-channel millt- 
meter wave communication system. This filter consists of center-excited type hybrid and 
frequency rejection filters. The transfer loss of the hybrid is O.8~1.0 dB over a 2Gc 
band at 48Gc. Two types of rejection filter are considered; a center-excited type re- 
jection filter, and a modified Marcatili-type rejection filter. The three stage character- 
istics of the former type and the two stage characteristics of the latter type are examined. 


1. Introduction and Principle 


It is well known that the circular TE, 
wave should be used in millimeter wave 
waveguide transmission for multi-channel 
communication, for which branching filters 
are indispensable. There are two methods 
of securing branching. One method is sepa- 
ration of the channels by branching filters in 
a rectangular waveguide after the circular 
TE), wave is transformed to a rectangular 
TE,) wave via a mode transducer; the other 
is picking out the circular TE; wave of each 
channel directly from the main circular wave- 
guide and feeding it to the respective rec- 
tangular guide. The latter is more desirable 
if a good branching filter is available. 

The center-excited type branching filter 
may be used in this application. Fig. 1 shows 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory, Apr. 5, 1960. Originally published 
in the Kenkyi Zituyéka Hokoku (Electrical Communt- 
cation Laboratory Technical Journal), N.J.T., Vol. 9, 
No. 5, pp. 565-570, 1960. 

+ Hyper-frequency Research Section. 


a schematic diagram of this branching filter 
consisting of a hybrid and two rejection 
filters. The hybrid is composed of two semi- 
circular waveguide which are separated a 
metal wedge and have a rectangular guide 
between them. The two semicircular guides 
are coupled to the rectangular guide by an 
array of longitudinal elliptic slots which are 
located on the common wall separating the 
narrow sides of the rectangular guide and 
the bottoms of the semicircular guides, along 
the center axes of the semicircular guides. 
In the semicircular waveguide the only 
modes which have an axial magnetic field 
component along the axis are the TE,, modes. 
Therefore, if the radius of the guide is select- 
ed so that the TE); mode is beyond cutoff, 
the only mode excited by an axial magnetic 
dipole on the axis in the semicircular wave- 
guide is the TE); mode. The TE); wave 
incident from the left in Fig.1 is devided 
into two semicircular TE); waves without 
any reflection or disturbance. The two axial 
magnetic fields of the semicircular TE); waves 
along the center axes of the two semicircular 
guides have the same direction, while the 
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Fig. 1—Schematic diagram of the center-excited type branching filter. 


two axial magnetic fields of the rectangular 
TE,) wave along the upper and lower sides 
of rectangular guide have the opposite direct- 
ion. Therefore, there is no coupling between 
the two semicircular TE), modes and the 
rectangular mode. If the phase of one of the 
semicircular TE), waves is reversed, the axial 
magnetic fields of these two semicircular TEo; 
waves excite a TE;) wave in the rectangular 
guide. Therefore, the reflected waves from 
the two rejection filters located one quarter 
of a wavelength from each other transfer 
power into the rectangular guide. In this 
case, if the modified phase constants, which 
take the effect of the array of slots into 
account, of the semicircular guides and _ rec- 
tangular guide are the same and the number 
of slots are selected properly, it is possible 
to transfer all of the power reflected from 
the rejection filters in the semicircular guides 
into the rectangular guide. 


2. Design of the Hybrid 


At first several formulas necessary for de- 
sign will be described. The reflection coef- 
ficient and coupling coefficient of one slot, 
generated by the axial magnetic field on the 
common guide wall of two waveguides of 
arbitrarily shaped cross-sections as shown in 
Fig. 2, are given in the form of the following 
equations. 

The reflection coefficient of one slot in the 
primary waveguide may be derived from 
Bethe’s theory, and is 


7G: , P 
= Zz Ee Ee ~ i 
Ci Qi M. 1 1 (1) 
The reflection coefficient of one slot in the 
secondary waveguide is 


(2) 


The coupling coefficient of one slot between 
the primary and secondary guides is 


ig 
Ce= te Az Az2\, 


(3) 
provided that the thickness of the common 
wall is assumed to be zero. 


In the above equations: 
7=Intrinsic admittance of free space 
4=wavelength in free space 
M.=main palarization of slot 


Fig. 2—Coupling of two waveguides 
of arbitrarily shaped cross- 
section. 
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H,,=axial magnetic field at the position of 
the coupling slot in the primary guide 
in which unit power is transmitted 

H,.=axial magnetic field at the position of 
the coupling slot in the secondary 
guide in which unit power is trans- 
mitted 


Unit power is defined as +} R.SfZ-E,x H,* ds 
=1, where £, and H, are the transverse elec- 
tric and magnetic fields in the waveguide. 
These equations may be used for the design 
of the center-excited type hybrid. 

In the course of applying Eqs. (1), (2), and 
(3) to the hybrid circuit of Fig.3, we may 
divide the rectangular waveguide into two 
equal guides by the use of a metal plate of 
zero thickness as shown in Fig. 4, without 
causing any disturbance to the field configura- 
tion in the waveguides. Therefore, it is suf- 
ficient to consider the condition of _ total 
energy transfer between a_ half-width rec- 
tangular and a semicircular waveguide as 


Fig. 3—The cross-section of center- 
excited type hybrid. 


Fig. 4—Equivalent circuit of Fig. 3. 
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Fig. 5—Half-divided circuit of Fig. 4. 


shown in Fig. 5. 

Using Eq. (1), the reflection coefficient of 
one slot in the half-width rectangular guide 
is given by 


; TAg 
=o 
C=C 2b M., (4) 


because only the axial magnetic field exists 
at the center of the slot if there is no slot 
on the side wall. 

Using Eq. (2), the reflection coefficient of 
one slot in the semicircular guide is given by 


77Aq° Ma 


par = 
Cre er ToD? 


7 Te) 
=4.585~"-M,, (6) 
7: 


if the TE); mode only is transmitted in the 
guide. 


In the above-mentioned equations, y=3. 832, 
the first non-zero root of J;’(y)=0. 
M, is main polarization of an elliptic slot, and 
is approximately given by 


I If: 


n 4t 
w 


SOE + 


, ©) 


where 2/2 and 2w are the lengths of the 
major and minor axes, respectively, of the 
slot. The coupling coefficient between the 
half-width rectangular and the semicircular 
waveguide via one slot in a wall of zero 
thickness is given by 


m 7020 
Co= 4. CACe =) 795 vie age i) 


An additional insertion loss due to the wall 
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thickness ¢ is 


= a. 
u Ve B. 
a=27. 84/1 es Gr) d 


Thus the coupling coefficient Si» containing 
insertion loss due to the wall thickness is 
given by 


Siz= Cre 3 0, (8) 
where 20 logi)d=—a. 
The perturbed phase constants” of the 


half-height rectangular guide and the semi- 
circular guide are 


Ge 


Ca 
Eo soe a ae oe eee 


To obtain total energy transfer, it is neces- 
sary to satisfy the condition £,9=8,°, from 
which we get 


Ca>C-=(f0—p") d. 9) 
The dimensions of this hybrid with the ex- 
ception of the number of slots, can be de- 
duced from Eqs. (4)~(9) mentioned above. 
To obtain the condition of total energy 
transfer through an array of » slots of equal 
size, it is necessary to satisfy the condition 


iD S00 Sip =ae) 7? 
from which 


N S2==1/2, C10) 
because the magnitude of S,, is small. 

Next an example of the design procedure 
will be described. At first the radius 7 of 
the circular guide and the small dimension b 
of the rectangular guide are determined. 

The large dimension a of the rectangular 
guide and polarization M, of the slot may be 
determined after several trial numerical calcu- 
lations utilizing the experimental data. 

Then, the spacing d and number of coupl- 
ing slots can be obtained through the 
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following program: 


d 
—>C*, Carag 


Csi er. 


The design values of the dimensions of an 
experimental model of the hybrid, which has 
been fabricated by electroforming, will be 
described. For the first 48 Gc-band model of 
this hybrid, we used circular waveguide of 
13mm diameter. The small dimension of the 
rectangular guide used was 2.39mm; which 
is identical to the small dimension of the 
standard rectangular waveguide used in the 
50 Ge band. 

Then, it is determined that 27=13.0 mm, 
b=2.39 mm, a=5.0mm, 2/=2.5 mm, and 2 
=0.8mm. By using Eqs. (4)~(10), of the 
design program, it is found that d=2.91 mm 
and »=38.8 when t=0.4 mm. 

The value of »=33 was selected because 
many experimental results show that a number 
of slots of about 85% of the calculated value 
is suitable for this type of coupler. 


3. Measured Results of the Hybrid 


3.1. Measurement of Transfer Loss of 


TE, PF 2TE, Oo 


Transfer loss between the rectangular TE, 
and circular TE); modes of the hybrid may 
be measured in a network of the form of 
TE: mode transducer. This transducer is 
formed by short circuiting two semicircular 
waveguides at one end of the hybrid. The 
short-circuited positions are one-quarter guide 
wavelength from each other. 

We used Deschamp’s method*» by which 
four elements ot the S-matrix of the four 
terminal network can be obtained. 

During the course of the measurements, 
the network is assumed to be a four-terminal 
network, even if an unused mode is generat- 
ed at the transducer, since a TE; mode 
filter is employed at the output terminal in 
the circular waveguide in front of the short- 
circuiting plunger. 
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Fig. 6—Construction of the wave coupling. 
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Fig. 7—Photograph of the center-excited type branching filter. 
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Measured transfer loss is shown in Fig. 8. 
And V.S.W.R. seen from the branching rec- 
tangular waveguide is shown in Fig. 9. 


2 | 
1.0 
0.8 a 
Z6r8 4752 47.6 48.0 48. 4 48.8 49.2 


Ge 


Fig. 8—Transfer loss of TE;)%2TE1° 


Ge 


Fig. 9—VSWR seen from the branching 
rectangular guide. 


3.2. Insertion Loss between Two Terminals 
of the Rectangular Waveguide 


The magnitude of the insertion loss, to- 
gether with transfer loss, are the barometers 
of the quality of the hybrid. When the mag- 
nitude is larger than +15dB, the design is 
considered to be satisfactory. Fig. 10 shows 
the measured insertion loss. 
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Fig. 10—Insertion loss between two termi- 
nals of rectangular guide. 
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3.3. Unused Modes Generated in the 
Circular Waveguide 


The magnitudes of the unused TEn:, $d oer. 
TE;,, and TM,, modes have been measured 
by using Miller’s coupled wave transducers” 
in the output of circular guide when power 
is incident from the input of the branching 
rectangular guide. It is found that the mag- 
nitudes of all these modes are smaller than 


— 20 dB. 
4. Rejection Filter 
4.1. Center Excited Type 


This rejection filter consists of a circular 
TE:1; cavity which is coupled to the semi- 
circular guide by an elliptic slot located on 
the center axis of the semicircular guide as 
shown in Fig.1l. Fig.11 shows the con- 
struction of a three-stage filter of this type. 
The separation of the adjacent coupling slots 
is 5/4 4 and the loaded Q’s of the filter 
cavities are 60, 40, and 60, respectively. 
When the size of the coupling slot is 2.8xX 
0.5mm, the loaded Q is 60, and the loaded 
Q is 40 when the slot is 2.9X0.5mm. Fig. 
12 shows the measured reflection loss of this 
three-stage rejection filter. 


1075)" 


ELEC 
SE = SEE 


Fig. 11—Three-stage rejection filter of 
center-excited type. 


4.2. Semicircular TE,. Cavity Type 


Fig.13 shows a rejection filter of the 
modified Marcatili type? In the smaller radi- 
us region of the filter the TEo1 wave can 
propagate while the TE). wave cannot, and 
in the larger region both the TEs; and. were 
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Fig. 12—Reflection loss of rejection filter 
shown in Fig. 11. 


waves can propagate. This larger region be- 
comes the TE: cavity, which reflects the 
wave at its resonance frequency, if the length 
of the part properly selected. The incident 
TE; wave can pass through the region with 
negligible reflection, if the region is not re- 
sonant in the TE»: mode. 

We have theoretically obtained the con- 
dition of total power reflection at the TE: 
mode resonance through the use of the S- 
matrix of the region, 


$33 — Box L=m x —| S23)? sin (2¢23 — Bor L — Bo2 L) 


When the TEo: wave in the larger region is 
incident to the smaller region, TE); and TEo2 
waves are reflected from this discontinuity. 


as SSS 
Sara Cera sh tsh0) 


Fig. 13—Two-stage rejection filter of semi- 
circular TEo2 cavity type. 
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#23 is the phase angle of the reflected TE; 
mode and ¢33 is that of the TEo: reflected 
mode. The length of the TE): cavity is L, 
and m and n are any integers. 

Fig. 13 shows the construction of a two- 
stage of 7/4 2,-coupled rejection filter with a 
loaded Q of 50. 

Fig. 14 shows the measured reflection loss 
of this two-stage rejection filters. 


Gc 


Fig. 14—Reflection loss of rejection filter 
shown in Fig. 13. 


Conclusion 


The principles, design, and measured re- 
sults of a novel center-excited type branching 
filter for circular TE), waves are described. 
There are several papers which suggest 
methods of channel separation for millimeter 
TE): waves; however, so far the character- 
istics have not been reported in detail. Our 
paper proposes a new method of channel 
separation for millimeter-wave multi-channel 
communication. 
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The Design of Germanium Diodes used 
for Junction Capacitance Parametrons’ 


Yasuhiro HIYAMAt{ 


Diodes used in the junction-capacitance parametron, which is a logical element for ultra- 
high speed computers, must have very low base resistance and a uniform value of junction 


capacitance in order to obtain high speed operation and good stability. 


The important 


diode parameters and design methods are described in this paper. 
Parametron diodes which have a junction capacitance of 94 pF 415% and a quality 
factor of 100 +30%, measured at 20 Mc/s with a bias voltage of O.5V, have been pro- 


duced. 


Introduction 


The junction-capacitance parametron‘” has 
two advantages in performance. Very high 
speed operation well into the microwave 
region and very low power dissipation are 
possible, because the junction capacitance can 
be varied with space charge variations in the 
reverse biased p-n junction, and reversed p-n 
junctions disipate only little power. 

The series resistance in the base region of 
the parametron diode determines directly the 
maximum operating frequency. The oscillation 
voltage of the parametron is controlled by 
the nonlinear conductance of the junction. 
Thus the characteristics of the diode affect 
the performance of the parametron; therefore 
uniform parameters, especially junction ca- 
pacitance and quality factor, are necessary 
for stable logical operation. The deviation of 
capacitance-voltage sensitivity is not large 
enough to warrant consideration. 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory on 9 May, 1960. Originally publish- 
ed in the Kenkytt Zituyéka Hokoku (Electrical Com- 
munication Laboratory Technical Journal), N.T.T., 
Vol. 9, No. 8, pp. 915-928, 1960. 

+ Electronic Research Section. 


The most dominant parameter that affects 
the variation of junction capacitance is the 
diameter of the junction. The variation of 
quality factor is dependent on the thickness 
of the semiconductor, which has high re- 
sistivity. 

It is in the microwave region that the 
junction capacitance parametron has many 
advantages for high speed logical operation. 
However, we designed parametron diodes 
which have large capacitances and constructed 
parametrons with lumped constants that oper- 
ate pumping frequency of 40 Mc/s in order 
to obtain fundamental quantitative experi- 
mental data. 


1. Diode Parametron Circuit 


Fast rise and decay of parametron oscil- 
lation voltage are necessary for high speed 
operation. The parametron has a tuned cir- 
cuit, which stores oscillating energy. There- 
fore in the three-phase pumping system using 
h-f waves modulated by three-phase rectangu- 
lar waves, the tuned circuit has damping re- 
sistance in order to suppress the oscillations 
after the pumping signal is interrupted. This 
resistance causes a delay in oscillation build- 
up time. 
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In the other pumping system, continuous 
h-£ waves are supplied to parametrons whose 
bias voltage is modulated by rectangular 
waves; there is no added damping resistance 
across the tuned circuits, and the diodes 
themselves act as the damping resistance 
when the pumping is interrupted. Hence the 
quality factor of the tuned circuits is high 
the build-up time is not influenced by the 
modulation. But this system has some dis- 
advantages, such as: the modulation power 
is large, and there are some disturbances 
from transient effects. 

In this paper the former system, the three- 
phase pumping system by modulated waves; 
is considered. 


1.1. 7 and Q 


The negative conductance developed across 
a tuned circuit by parametric excitation is 


a = re (1) 


where 7 is the capacitance-voltage sensitivity 
of the diode and C) is the susceptance of 
the junction capacitance at the oscillating 
frequency. The time required for build-up of 
Acp(mepers) is 


DAS 


“Ga 


Ac, is also the coupling attenuation between 
two parametrons, and Q, is the net quality 
factor of the tuned circuit involving the damp- 
ing and load resistances. This equation shows 
that the larger 7 and Q,, the faster the rise 
time becomes. 

The oscillation decay time after pumping 
is interrupted is described by 


_ 2AcrQ 
Ee ralaape | @) 


The modulation frequency becomes maximum 
when 7t1;=7:2. The relation between y and Qy 
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which gives the maximum operating frequen- 
cy can be obtained from (2) and (3): 


ae 4) 


Furthermore, the quality factor of the reverse- 
biased junction capacitance has frequency de- 
pendence. Therefore, the maximum operating 
frequency as a parametron is limited to 7/2f., 
where f, is the cutoff frequency of the diode 
capacitance. However, it is not desirable to use 
a diode having a low quality factor, because 
quality factor variation will affect the oscil- 
lation voltage. Therefore, to obtain uniform 
for Q» for all parametrons, the major part of 
the loss in the circuit must be alloted to the 
damping resistance, which generally can be 
made quite uniform. Therefore, the quality 
factor of the diode and tuning impedance 
must have large values. 

The capacitance-voltage sensitivity (the rate 
of parameter excitation) of an alloy junction 
diode is given theoretically by 


i e V2 Cp, 


rT 2. (Vat Vos — 


and its maximum value is 0.5 when Vo;)= 
VactVo. As the value of 7 is mainly deter- 
mined by the impurity distribution of the p-n 
junction, its deviation is smaller than that of 
a ferrite core parametron. 


1.2. Base Resistance 


The greater part of the loss of a diode 
capacitor at high frequencies is in the resist- 
ance of the base region. The base resistance 
of an indium alloyed n-type germanium junc- 
tion can be expressed as 


_ 40,W’ 
Ry = pe (6) 


where 


On=resistivity of n-type germanium base 
material (Q-cm) 
W’=thickness of n-type germanium base 


VOLUME 9, NUMBERS 7-8, JULY-AUGUST, 1961 


(cm) 
D=diameter of junction (cm) 


when D> W’, and the diode is biased in the 
reverse direction: that is, holes are not in- 
jected into the base region and the conduct- 
ance of the semiconductor is not modulated. 
The junction capacitance is given by 


2 D2 1 
G = 2 . ee [v et V, 2 ele 
een aah 4 ee a 

(7) 


where 


W,;=thickness of junction space charge 
‘layer (cm) 
e=dielectric constant of semiconductor 
material (=e;-e)) (F/cm) 
Yn=mobility of electrons in n-type ger- 
manium (cm?/V:sec). 


The quality factor of the diode is 


1 


a aa a 


= (2) (Vac+Vo!® a 


é wW’ 0,1? 


From this equation we find that Qu is de- 
pends mainly on the thickness of the n-type 
germanium and not on the area of the junc- 
tion. 

If the germanium that we use has the 
following physical constants 


Up — 3000 Cm) V-sec 
ee — 6 


the experession for the quality factor of the 
diode can be simplified to 


1/2 
On 1.03 x 101 nae — (9) 


or the cutoff frequency of the diode is 


1/2 ; 
fe=T. Cae a e o) 
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1.3. Diffusion Admittance 


Diffusion admittance, as is well known, 
arises across a p-n junction with a positive 
or small negative bias. 


Yu= (Gaotjbuo'*av', (10) 


In the high frequency region the real and 
imaginary parts of the diffusion admittance 
are equal in value. Therefore, whenever we 
attempt to utilize the increase of capacitance- 
voltage sensitivity that includes diffusion ca- 
pacitance, the diffusion conductance decreases 
the quality factor of diode. Accordingly, 
since we shali not utilize the diffusion ca- 
pacitance, the reverse bias voltage should be 
greater than R&T7/gq. 

The peak pumping to bias voltage ratio 
Vorp/(Vae+Vo) that is required to obtain a 
maximum 7 of 0.5 is unity. But it should be 
smaller than unity for the reason described 
above. On the other hand, while it seems 
reasonable to choose a high reverse bias 
voltage to avoid decrease of Qu, the power 
dissipation in the parametron increases. The 
power dissipation increases with square of 
the bias voltage as given approximately by 


1. 28 1 
PCa ) u 
oCa(Vaet+ Blea = ca; Gi 
where Qa2,;=quality factor of diode at 


pumping frequency 2f. 


Therefore the optimum operating bias voltage 
of the diode should be selected by the power 
relations to reduce the dissipation. 


1.4. Reverse Breakdown Voltage 


The reverse breakdown voltage is not an 
important parameter, since the peak value of 
reverse voltage—including d-c bias voltage Vac, 
pumping voltage V2,, and oscillation voltage 
V,;—applied to the diode is of the order of 
2(Vae+Vo), Which is generally only several 
volts. 

Therefore the reverse breakdown voltage 
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Vz may be roughly selected as ten times the 


bias voltage. 
In general, the inner breakdown voltage 


exceeds the surface breakdown voltage, and 
both are functions of the resistivity of the 
germanium. The inner breakdown voltage 1s 


given by 


Var = 83. 4n9-6l CV) (12) 


and the surface breakdown voltage by 
Vas © 34. 30,03 (V) (13) 


which are shown in Fig. 1.‘ 
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Fig. 1—Breakdown voltage Vz; and Vas 
as functions of resistivity of 
n-type germanium: 


The resistivity of the n-type germanium 
together with the thickness of the base region 
W’ dominates the quality factor as indicated 
in Eq.(9). The requirements imposed by 
quality factor and breakdown voltage are 
contradictory. 


1.5. Reverse Current 


Reverse current in the parametron diode 
only affects the power supply d-c bias circuit. 
This current, which is mostly composed of 
saturation current, can be expressed as 
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I, = 0.520nD'1- W10-55-10"4 (A) (14) 
where surface recombination velocity of holes 
s=300 cm/sec, diffusion constant of holes in 
the base region D,=44 cm’*/sec, and intrinsic 
resistivity of germanium p;=47 Q-cm are 
employed in this calculation. Supposing that 
pn=0.2 Q:em and W’=100, the saturation 
current is 0.1 vA from Eq. (14). 
1.6. Impedance of Lead Wires 

The impedance of lead wire R and L to- 
gether with the base resistance of a parame- 
tron diode which has large junction capacit- 
ance must be taken into consideration. Al- 
though the leads must be hermetically sealed 
to the diode envelope, it is necessary to use 
heavy, short lead wire of low resistivity ma- 
terial. 


1.7. Other Parameters 


There are some parameters that are of no 
importance in parametric use, even though 
they are important in rectifiers. 

(a) The forward resistance is not very im- 
portant for parametron diodes in which there 
is no current flow in the forward direction. 
However, use of low resistance material auto- 
matically results in low forward resistance. 

(b) Heating the junction increases junction 
capacitance and reverse current, and decreases 
breakdown voltage and base resistance. But 
there is little internal heating of the junction 
since the diode is operated with small pump 
power. However, ambient temperature must 
be kept to constant. 

(c) The noise arising from the diode is 
very low compared to that from the other 
components such as the ferrite core in the 
tuning coil. 


1.8. Variation of Parameters 


In this connection, two parameters, Qa and 
Cu, are important. The major part of the 
variation in C, is, as obviously indicated in 
Eq. (7), determined by the diameter of the 
Junction. Variation in Q, is, as also indicated 
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in Eq. (8), mainly dependent on the thickness 
of the n-type germanium. The thickness of 
the germanium wafer of diode can be main- 
tained precisely, but there are considerable 
variations in the depth of the diffussd indium 
and soldering material into the n-type ger- 
manium wafer. 

Careful surface etching and sealing of the 
junction in a manner similar to the usual 
rectifier are necessary. 


2. Design of Parametron Diodes 


These diodes are designed for operation at 
a pumping frequency of 40 Mc/s, oscillation 
frequency of 20 Mc/s, and power dissipation 
- of 1mW. 

The junction capacitance must be ten times 
greater than the stray capacitance C,; in order 
not to decrease the effective capacitance- 
voltage sensitivity 7/{1+(C/C))}, And also to 
decrease the resonant impedance to the extent 
that interference from other elements is negli- 
gible, it is desirable to use a large capacitance. 
However large capacitance causes large power 
dissipation as shown in Eq. (11). Then taking 
42L/Ca as 100, Ca becomes 150 pF. 

The reverse bias voltage is given as 0.46 V 
ome 11). taking Q,=15, Qe#,;=50, f= 
Me/s,-and V,)=0.3 V. 

The resistivity of the n-type germanium is 
0.2 Q-cm for Vz=20 V, and the diameter of 
the junction is 0.73 mm from Eq. (7). This 
diode is easy to manufacture. Taking the 
quality factor of the diode as 100 and the 
lead resistance as 0.1.0, the base resistance 
should be 0.43.Q and the thickness of n-type 
germanium wafer W’=91 w. 

The tolerances of D, W’, and p, must be 
limited. Since the variation of inductance of 
the trimming coil is +10%, a tolerance of 
Cy, equivalent to or smaller than this value is 
desirable. From the relation in Eq. (7) 


ie Ne 

ik ea argent (15) 
Ca D © Z, Pn 

Ifnwe take ACj/C;< +10%,; *then AD/DS 
+4% and Apn/pn< 44%, are necessary. This 


433 


seems to be a very severe condition. There- 
fore we shall allow a +159%% veriation of 
ACa/Ca and divide the capacitors into three 
groups that deviate +5%. Then Apn/or= 
+10% and AD/D=+5% are possible. 

From the relation in Eq. (8) 

AQ 2 L Ao, AW’ 

On Pg a 
if we take ~Qa/Qa as 430% then Apn/pr= 
+10% and AW’/W’=+25%, which is easy 
to produce. 

The simplified design process is shown in 
Fig. 2. The design proceeds from I, to ID, 


from the viewpoint of the manufacturing 
technique. 


] I 0 IV Vv 

———— | Cn D 

ny Vs P, 

yO, |e ey 
Ry 


Fig. 2—Simplified design process for | 
parametron diodes. 


It is now known, after several pilot pro- 
duction runs, that the specifications should be 
changed to those listed in Table 1. The 
reasons are that the deviations of Cy, and Qu. 
are too large and that the smaller C; makes 
it easy to satisfy the other conditions. 
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Table 1 


THE SPECIFICATIONS OF PARAMETRON DIODES 


a ee a eT LLL. 


Parameter Value Tolerance | Measurement condition 
. | at 0.5 V d-c bias and 
Junction capacitance Ca betw. 80 & 150 pF as Le | 20 Mc/s, 10 mV h-f 
| 
| 5 at 0.5 V d-c bias and 
Quality factor Qu above 40 | + 30% 20 Mc/s, 10 mV h-f 
| 
Breakdown yoltage | Va | above 15 V below 20 vA at 15 V | 
| | 
| 
Reverse current | Lo below 5 pA atelOonVad—c 
| | 
Capacitance-voltage A | 0.5 Vorn/(Vae+ Vo)=1. 0 
sensitivity U | 
Lead wire resistance R; | 01 Q + 10% outside length of wire 5mm 


3. The Characteristics of Manufactured 


Diodes 
40 


Total Number =100 


The characteristics of the diodes manu- 
factured by three makers—A, B, and C—ac- 
cording to the specifications shown in Table 
1, are indicated in Fig.3 to 5 and Table 2. 

The A diodes have relatively small 7, but 
Qa is also low. In the B diodes Qz is not 
decreased in spite of large Cy. The C diodes 


The Number of the Diodes 


30 
L 40 60 80 100 
Total Number =100 Quality Factor of the Diode Qy 


Fig. 3 (b) 


The Number of the Diodes WV 
ee 


: anal have high Q, due probably to smaller C, and 
100 110 120 130 140 shorter lead wire, because they are sealed in 
Junction Capacitance C, (oF) very small glass envelopes (2mm x10 mm), 
while A and B are sealed in larger cans for 

Fig. 3 (a) transistor use. However, this is not certain 

since the author have no detailed concerning 


the physical parameters such as D, W4,.and 
fn Of these diodes. 


Fig. 3—Distribution of junction capacitance 
and quality factor of A diodes. 
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The relation between Q, and C, for 


1961 


the 


same production conditions are indicated in 


Fig. 6. 


Total Number = 30 


The Number of the Diodes V 


130 140 150 160 170 
Junction Capacitance Co (pF ) 


Fig. 4 (a) 


Fig. 4—Distribution of junction capacitance 


and quality factor of B diodes. 


Total Number = 30 


The Number of the Diodes \V 


30 40 50 60 
Quality Factor of the Diode Oy 


Fig. 4 (b) 
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Total Number = 100 


10 


The Number of the Diodes V 


110 


80 90 100 
Junction Capacitance Co (pF) 


Fig. 5 (a) 


Fig. 5—Distribution of junction capacitance 
and quality factor of C diodes. 


40 


30L Total Number = 100 
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The Number of the Diodes V 
pe} 
= 


0 sO 
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Quality Factor of the Diode Qy 


Fig. 5 (b) 


Table 2 


THE RESULT OF MANUFACTURED PARA- 
METRON DIODES. 


Maker| Cz | Qa | Jo(—10V)| I(—20V) 
A 115.4pF) 56.1 0.52vA) 2, 96nA 
B 147.7 49,0 2,78 8, 28 
CM) ee 100.7 2.76 6.18 

| 
| 
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Fig. 6—Relation between junction capaci- 
tance and quality factor for the 
same manufacturing conditions. 


Conclusion 


It is evident that together with a high cut- 
off frequency f, a high value of capacitance- 
voltage sensitivity 7 is necessary for high 
speed operation. The value of 7 is a function 
of the impurity distribution in the germanium 
and can be controlled. High sensitive 7 diodes 
have previously been obtained.“ However, 
common alloy junction diodes are more ap- 
propriate for mass production at present. A 
study on the production of diodes with thin 
bases may be necessary. 

From the experience in manufacturing these 
diodes it has been found that to reduce the 
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deviations of Cz, below +15% would be most 
difficult by the usual alloy techniques. 

Since the C diodes have relatively high 
values of Qu, there is still hope that diodes 
can be produced by the usual alloy techniques. 

The author regrets that discussion on the 
relations between the results and the design 
parameters was not possible because the de- 
tails of the manufacturing data was not avail- 


able. 
Acknowledgement 


The author wishes to express his sincere 
thanks to Z. Kiyasu, K. Fushimi, S. Yoshida, 
R. Shikama, and K. Yamanaka for their 
useful suggestions and discussions and also 
to Y. Takeda, T. Asada, H. Yugami, T. Abe, 
Y. Sawaji, and K. Takahashi for manufacture 
of the parametron diodes. 


References 


(1) Z. Kiyasu, K. Hushimi, K. Yamanaka, and K. 
Kataoka: Parametric Excitation using Barrier- 
Capacitance of Semiconductor, J. Inst. Electr. 
Commun. Eng. Jap., Vol.40, No.2, p. 162, 
1957. 

(2) S. Yoshida and R. Shikama: Crystal Diodes 
for Speech Path Elements (ECL-1200), Month- 
ly Rep. Electr. Commun. Labor. NTT. Jap., 
Vol. 11, No.1, p.16, 1958. 

(3) M.E. McMahon and G. F. Straube: Voltage- 
Sensitive Semiconductor Capacitors, J.R.E. 
Wescon, Part. 3, p. 72, 1958. 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 437 
VOLUME 9, NUMBERS 7-8, JULY-AUGUST, 1961 


U.D.C. 621, 391 : 621, 394) : (621. 391. 883 
> 621, 395. 5 


Binary Data Transmission on Private 
Telephone Line’ 


Toshi MINAMI,} Hiroshi SUNAGAWA,t+ 
and Shun’itsu HAMAOt 


This paper presents theoretical considerations and experimental results on binary data 
transmission over private telephone lines. Relations between signal distortion (margin) 
and frequency response of the telephone line, net loss variation, noise, etc. are analyzed. 
Especially signal distortion caused by relative phase difference between each signal pulse 
and the subcarrier is examined carefully and a@ method to eliminate this distortion ts 
given. The results indicate that the speed limit of data transmission over a standard 


telephone line is about 1750 baud when net loss variation is within +5 dB and peak S/N 


is higher than 15 dB. 


Introduction 


The amount of business communication in 
various fields of Japanese industry and com- 
merce is increasing enormously in keeping 
pace with the development of economic ac- 
tivities and the improvement in the standard 
of living. However, the communication fa- 
cilities necessary for handling business com- 
munications still remain unsatisfactory. For 
instance, the number of leased telegraph 
circuits in Japan at the end of 1959 was 
2.940; but the demand for leased telegraph 
circuits by 1966, at the end of the 3rd_five- 
year telegraph and telephone expansion pro- 
gram, is expected to reach at least 30,000, 
more than ten times the number of existing 
circuits. But if conventional voice frequency 
carrier telegraph systems are adopted to con- 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory on October 24, 1960. Originally 
published in the Kenkyu Zituydka Hokoku (Electrical 
Communication Laboratory Technical Journal), Vol. 
10, No.5, pp. 803-859, 1961. 

+ Communication Network Section. 


struct new business communication facilities, 
the cost of this program will be so prohibitive 
that it will not be possible to raise the neces- 
sary funds. In addition, it is definitely fore- 
seen that future demands require much im- 
provement in transmission speed and error 
rate of the circuits; therefore, completion of 
the program will be impossible from the 
technical point of view without improving 
existing telegraph techniques. 

Several attempts to develop new techniques 
have already been made.” In this paper 
an approach to the problem of finding the 
speed limit of data transmission over private 
telephone lines by an AM DSB system, and 
the reliability of the system, is reported. 


1. Theoretical Analysis of Data Trans- 
mission 


1.1. Theoretical Limit of Signaling 
Speed 


Digital data are usually encoded as a series 
of binary codes and this series of codes are 
transmitted on an electrical line in the form 
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of single-current rectangular waves or double- 
current rectangular waves. Assume that a 
single-current unit pulse is transmitted on a 
low-pass transmission system which has a 
fnite bandwidth; then the received pulse is 
distorted as shown in Fig.1(a). But if the 
amplitude of the received pulse at a sampling 
point is higher than the threshold level, we 
can recognize exactly that a unit pulse is 
sent. Therefore it is more important to de- 
tect mark signals as mark and space signals 
as space than to reproduce the transmitted 
’ rectangular waveforms exactly. 


iss gee =k 


Low: pass system 
Input Output 


(a) 


Margin = ae X 100 % 
0 


—— —-Slice level 


Aniplitude 
T 
| 
| 
| 
- 
| 


Sampling point 


Time 


(b) 


Fig. 1—Input and output wave- 
forms and margin of a 
low-pass system. 


But in an actual system the transmission 
bandwidth is confined to a small region and 
the received unit pulse has a long tail. If 
there are many other pulses before and after 
the unit pulse, interference will occur at a 
sampling point from the preceding and_ suc- 
ceeding pulses. Now, let the amplitude of 
the received pulse at a sampling point be A, 
the threshold level be A,/2, interference fron 
the unit pulse just before the particular pulse 
be a,, and interference from the nth pulse 
before the particular pulse be a,; then the 
total interference R becomes 
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R= DI QnOn dd) 


where g,=1 when ath pulse is present 


gx=0 when nth pulse is not present 


2) 


And the maximum interference in the posi- 
tive direction Rmax’ and maximum interferen- 
ce in the negative direction Rmax” are 


| (3) 


where 


an=0 


=0 an<0 

| 4) 
OG A, =0 
=An An <0 


Then margin M becomes 


Aoy+Rmax™ inex 
2 Ay 


M= 


x100 % 


Ay— i An 


n=—oo 


TA. x 100% ) 


When signaling speed is low interference 
from other pulses is generally small and 
margin M is nearly 50%, but the higher the 
signaling speed becomes the smaller the 
margin becomes and finally it decreases to 
0%. The signaling speed when the margin 
becomes zero is the speed limit of the trans- 
mission system. Nyquist proved that if the 
transmission bandwidth is f c/s, it is possible 
to transmit pulses at an interval of 1/2 fsec? 
In the case of binary signal transmission, the 
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Fig. 2—Frequency and margin character- 
istics of the ideal low-pass filter. 


Nyquist rate can be realized by using a so- 
called ideal low pass filter*? (the transmission 
of the filter is uniform with frequency, and 
in the passband the phase shift is proportion- 
al to frequency). But as shown in Fig. 2, 
the margin of this filter is zero when the 
signaling speed differs from /2f baud; there- 
fore its speed limit is zero in the above des- 
cribed sense.* This means that the so-called 
ideal filter does not necessarily have an opti- 
mum frequency characteristic for binary signal 
transmission. Then what is the optimum fre- 
quency characteristic of a binary signal trans- 
mission system? 


1.2. Optimum Frequency Characteristic 
of a Binary Signal Transmission 
System 


When bandwidth f and signaling speed b 
are given; if )) @,| of a transmission system 
is smaller than © a,| of any other system, 
then it is an optimum binary signal trans- 
mission system. But an optimum system at 
one signaling speed 0; is not necessarily an 


* See Appendix 1. 
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optimum system at another signaling speed 
b,, as shown in Fig. 3, and it is difficult to 
select the best characteristic from among the 
A, B, and C characteristics shown in Fig. 3. 
Even though signaling speed is fixed, it is 
very difficult to calculate © a,| directly from 
the transmission frequency characteristic. 


Margin % 


Pulse Interval 


Fig. 3—Margin characteristics. 


Therefore instead of calculating ¥ \a,|, many 
approaches to the problem of finding an opti- 
mum characteristic have been performed by 
other methods. Laemmel calculated > |a,|? of 
the ideal filter, triangular filter, and cosine 
filter. The results are shown in Fig. 4, and 
from these results it is noticed that an opti- 
mum characteristic must exist between the 
rectangular characteristic and the triangular 
characteristic.» Hermann and Schiissler in- 
troduced f,xt, as a scale of merit for the 
appraisal of pulse-shaping networks when gq; 
and q, are given, (see Fig. 5), and calculated 
the position of the zeros and poles of the 
optimum network transfer function by an 
analog computer.” The tail of the impulse 
response of this network decreases quickly 
within + q but the sum of interference > |a;| 
is not necessarily minimum compared with 
¥Y la,| of any other filter. On the other hand, 
Chalk derived another optimum pulse shape 
which minimizes the energy outside a given 
frequency band.” 

As described above many _ studies have 
been made to find optimum transmission 
characteristics but this problem has not yet 
been completely solved: However it may be 
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true that the phase shift of an optimum trans- 
mission system should be proportional to fre- 
quency until the attenuation of the system 
becomes quite high, and the attenuation of 
the system should increase gradually near the 
cutoff frequency as a sharp cutoff character- 
istic is unfavorable for the transmission of a 
binary signal. 


1.3. Binary Data Transmission by an 
Amplitude Modulation Double Side- 
band System 


1.3.1. Signal Distortion caused by Re- 


lative Phase Difference between 
Subcarrier and Direct Current 
Signal 


In Sections 1.1 and 1.2 the discussions are 
limited to data transmission through a low 
pass system; however in actual practice tele- 
phone circuits are used to transmit these 
data. The ordinary telephone circuit in Japan 
transmits a frequency band of 300 to 3000 
c/s; therefore the original direct current 
signal should be converted to an alternating 
current signal. In usual carrier telegraphy, 
the subcarrier frequency is much higher than 
the signal frequency, but in the case of high 
speed data transmission on a telephone circuit 
the signal frequency is close to the subcarrier 
frequency and the number of cycles of sub- 
carrier contained in a unit signal pulse is 
very small. For instance, when a 1500 baud 
signal is transmitted by an AM DSB system 
with a 1500 c/s subcarrier, only one cycle of 


mae. (71 — DC Signal 
ROL GL CAVAU AVA a 


; Modulated wave 
A=" (Phase difference 
between dc signal 
and: subcarrier =O) 


Modulated wave 
(Phase difference 


between dc 
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subcarrier is included in a unit pulse. Con- 
sequently, according to the relative phase dif- 
ference between the subcarrier and each 
signal pulse, the modulated current waveforms 
change as shown in Fig.6, and signal dis- 
tortion arises in the detected signal. But it 
is proved in this paper that this signal dis- 
tortion can be completely suppressed by _let- 
ting the original signal pass through an ade- 
quate low pass filter before it is fed to the 
modulator. 

Let the original signal be f(t) and the 
modulated signal be g(t); then 


g(t) =f(£) cos (atta). 
where w)=subcarrier angular frequency 
a=relative phase difference be- 


tween subcarrier and f(t) 


The frequency spectra of f(#) and g(t) are 


Foo)=|" fev" at 6) 
Go) =| Fé) cos (aot +a)e 4”! dt 


=F [e*F(o—o») +e-3*F (w+) ]. 1) 


Let the frequency characteristic of the trans- 
mission line be T(w)e/*™ (in this transmission 
line the frequency band outside of w—a:<@ 
<wy)+«, is considered to have an infinite at- 
tenuation); then the waveform R,(f) after the 


Fig. 6—Effects of phase difference 
between signal and_ sub- 
carrier. 


signal -and subcarrier =i) 
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modulated wave is sent through this trans- 
mission line becomes 


RO= - |" Ge) T(wyenott Ilda 


aoe Be F(a)esi' Tw +a elKoten)—oorl da 
Qn | : 


—aw 


= ae 


—o1 


F(20)+)e7"'T(@+@) eins) Mond- ted cos {mot+4(a) +a} 


Des [am(” Fw) ei? To +a eitotoo)—Ko} day 
Die —wl ‘ 


wl 


+n 


— OT 


where ‘te designates the real part and Im 
designates the imaginary part. 
In this equation the cosine term and the 
sine term indicate the in-phase component 
and the quadrature component respectively. 
Each term contains an upper and lower side- 


band component {F(o) Tito)” L andeva 


spurious component |FQu+0) T(o+a) L 


—@1 


which is a part of the lower sideband that 
has been folded at 0 c/s. These relations are 
illustrated in Fig.7. From this equation it 
is easily seen that the relative phase differ- 
ence a. between the signal and_ subcarrier 
appears only in the spurious component; 
therefore if this component is removed prior 
to the modulation process, the distortion 
caused by the phase difference can be elimi- 
nated. From these considerations the follow- 
ing theorem is derived. 
Theorem 1. “In the case of binary data 
transmission, the signal distortion caused by 
the relative phase difference between the sub- 
carrier and signal can be eliminated by let- 
ting the original signal pass through an ade- 
quate low pass filter before it is fed to the 
modulator, which will suppress the spurious 
component.” 

This low pass filter should have uniform 
amplitude response and linear phase charac- 


* See Appendix 2. 
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Fig. 7—Schematic description of disturbance 
by folded component of signal. 


teristics within the band 0~a@ , and sufficient 
attenuation above (2w)—w,). From this analy- 
sis it becomes clear that synchronization be- 
tween the subcarrier and signal is unneces- 
sary, and the design of the sending circuit 
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is greatly simplified. 
1.3.2. Performance of the Modulator 


In subsection 1.3.1. the modulated wave is 
expressed as (f(t) cos(a@ft+a); however in 
actual practice many unexpected components 
other than the main component arise in the 
modulator, and these components interfere 
greatly with the transmission performance. 
Especially, when the subcarrier frequency is 
close to the signal frequency, some of these 
unexpected components fall in the pass band 
of the transmission system and it is impossi- 
ble to eliminate them by any filter, therefore 
it is necessary to suppress these components 
by using strictly balanced modulation ele- 
ments. As described later, a ring modulator 
is used as the modulating circuit in the ECL 
experimental system which was designed to 
investigate binary data transmission _ per- 
formance over telephone lines. An analysis 
of modulator performance is given below. 
Now, let us express current z in Fig. 8 (a) as 
a function of voltages as follows 


+o 


(b) 


Fig. 8—Rectifier circuit. 


fees Cue (9) 
n=1 


then in Fig. 8 (b) 


jee C= 0)" (10) 
n=1 
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In Fig.9(a) a ring modulator is shown. 
Here let us assume that the transformers are 
ideal and the circuit resistances are all zero. 
If we put 


é:+@=e 
1) 


e\—€2 2) 
; t 2 4 a a 
— at ; 
i = (eit+e2) @ ii (—/a) 


| ese: 


Fig. 9—Equivalent circuit of ring modulator. 


then Fig. 9 (b) is equivalent to Fig. 9 (a) and 
we have the following equations 


t= 4+ te 
Cc 


i x. Cin €” 
1 


= —s Con —e)” 
1 


(12) 


aC 6)” 
1 


tg= —)D) Cane” 
1 
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where C,, designates the coefficients of the 
power series which express the voltage to 
current characteristic of the Ath element. 


Then z becomes 


(= Dy {C1ne” —Con(—e)” + C3n( —e)” — Cyn} 
1 


= {Cy +021) — (31 + Ca) } Cr + {CO + C41) 


— (€21+€31)} e2 


+ {(C12 +32) — (C22 + Caz) } (Er? + €2”) 


+2 { (C12 + Ce2 +032 + Cao} €1€2 


+ {C13 +23) — (C33 + C43) } (€1? +301 €2”) 


+ {(C13 +043) — (Co3 + C33) } (@23 +3e17e2) 


+ £(Cy4 +034.) — (Coa + Cas) } (€14 + €24 + 60)" 60") 


+4 {Cy4+Co4 + €34+Cag)} (E122 + €é2°) 


Pare (13) 


If all elements have exactly the same volt- 
age to current characteristics, (Cin=Con=Con 
—C,,), some terms in equation (13) vanish. 
The calculated spectra are shown in Fig. 10, 
where the asterisks designate the spectrum 
which would not vanish although all elements 
are completely balanced with each other. 


1.3.3. Frequency Response of Trans- 
mission Line and Binary Data 
Transmission Performance 


From equation (8) we are able to evaluate 
the relations between the frequency response 
of the transmission line and the input-output 
waveforms, but in the case of binary data 
transmission, indicial response of the trans 
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mission system is very useful to investigate 
data-transmission performance of the system. 
Therefore, the received waveform R, was 
calculated for a unit function input current. 
In this case the amplitude response of the 
transmission line is divided into a component 
T.(w) with even symmetry to the subcarrier 
frequency and a component 7,(#) with odd 
symmetry; similarly the phase characteristics 
are divided into an odd symmetry component 
@(w) and an even one 6.(w), and spurious 
components are neglected. 

The received wave from R,(t) is 
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data in the form of a binary signal and if 
there is noise in the transmission line, some 
mark signals are changed to space signals 
and vice versa.*? But aside from noise in the 
transmission line there is interference caused 
by the tails of the signals preceding and suc- 
ceeding the particular signal, and if the 
signaling speed becomes higher and_ higher 
the signal distortion increases until it reaches 
a value which makes communication imposi- 
ble. Interference caused by preceding and 
succeeding signals can be calculated from the 
indicial response,'”» but the combined effects 


Rd) ae ze ("2 (o)sin {ot + 4o(@)} cos “hod + Talo )eos {ot + Go(o)} sin #.(@) do | 


Z 


X CoS {@t+4(a) +a} 


0 
X sin {wot XA(wo) +a}. 


When the amplitude characteristic has even 
symmetry to @) and the phase characteristic 
has odd symmetry to @, R,(f) becomes 


Biel oe 1 \- ae | 


0 @ 
X COS{@ot +A) +a} a5) 


From this equation, it is seen that the so- 
called equivalent low-pass characteristic’ is 
T.ei%, and the next theorem is obtained. 
Theorem 2. “In the case of binary data 
transmission by an AM DSB system, if inter- 
ference by spurious components is suppressed 
sufficiently, and the amplitude characteristic 
is even symmetrical to subcarrier frequency 
w, and the phase characteristic is odd symme- 
trical to w:, then a component in quadrature 
to the subcarrier does not arise at all.” 


1.4. Noise and Error Rate 


A binary data transmission system is a 
communication system which transmits digital 


* See Appendix 3. ** See Appendix 4. 
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of circuit noise and interference from preced- 
ing and succeeding signals had not yet been 
examined. An analysis of this problem is 
shown in the following. Let us rearrange 
order of the interference |a,| caused by the 
preceding and succeeding signals to the 
sampling point according to their absolute 
amplitude and designate them a,, then we 
get the following series: |a,\>|a:|>-+++ >| an| 
> |@nai| Der . If we neglect terms lower 
than (a,', the number of combinations of 
interference becomes 2” from R; to R.”. The 
envelope of the combined wave of single 
sinusoidal current and Gaussian noise current 
falls between Q and Q+dQ with probability!” 


; _ QdQ FV QV 
p(Q)dQ= m exp) ae hi ca 


where V is the amplitude of the sinusoidal 
current 
@ is the variance of the Gaussian 
noise 
and J, is a modified Bessei function. 


AAG REV 


In a binary signal transmission system using 
AM DSB, the received current at the sampl- 
ing point may be considered as a sinusoidal 
wave of amplitude R; when the signal is a 
space. Therefore if the slicing level is s, the 
probability P,z that the space signal is inter- 
pereted as mark becomes 


Pis =i 2 © exo] Oe Inf Se ae 


j Go 20 Yo 
S 
=1-| UY dQ 
0 
1 ai 180 ( S ie SR; S+R;? 
2B (SYu(Soo( 8+) 
Be 3 a R; Yo P 20 


ai 


And if the amplitude of the mark signal 
envelope at the sampling point is RR, the 
probability P., that the mark signal is inter- 
pereted as space becomes 


5 as S 
oe Ps ae { Lo 
From these equations, we can get the follow- 
ing formula as the error probability Pz, where 
the probability of mark and space are 1/2 
respectively. 


1 fe 22 ares 
P —— Ee ye | 
> eres A m=iLRyo+R; "| ©o 


where Jn is a modified Bessel function of 
the mth order. 


But in actual practice the threshold level 
should be controlled according to the net loss 
variation of the transmission system in order 
to compensate for the variation, and the 
error probability is changed by the net loss 
variation. In other words, this compensation 
can be accomplished at the sacrifice of 
vulnerability to noise, and the analysis of 
this problem is described in Section 1.5. 


* See Appendix 4. 
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1.5. Compensation for Net Loss Vari- 
ation and Interference Caused by 
Noise 


In an AM system the amplitude of the 
signal is used as information. Therefore, if 
the spectra of the net loss variation of the 
transmission system are the same as the 
spectra of the transmitted signal, compensat- 
ion for the net loss variation cannot be ac- 
complished at all. But, since net loss vari- 
ation is caused by factors which change very 
slowly, like temperature, and the spectra of 
the variation are gathered in the low fre- 
quency region; therefore, these spectra can 
be separated from the signal spectra and the 
variation can be compensated for. For in- 
stance, the peak amplitude of the input signal 
can be obtained by a CR circuit which has 
a very short charging time constant and very 
long discharging time constant, and if one- 


Sees oe 
( 20 


which is free from the net loss change is 
obtained. This compensation system is suita- 
ble for closed-circuit operation. But in open- 


Rat RD SAzrSR '\ SP +R; 
Ret ere Fae 


Yo 


transmitted when communication is suspend- 
ed; therefore, at the beginning of communi- 
cation, bias current is zero and we cannot 
communicate until the bias current increases 
to its normal value. Furthermore, a system 
which is capable of compensating for sudden 
level change has been required recently, 
therefore in the present ECL experimental 
system the automatic net loss variation com- 
pensation system which consists of delay 
circuits and the usual threshold circuit has 
been adopted. The principle of this net loss 
variation compensation system is as follows: 
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At first the received wave is delayed 1.57 
or 2.0t where ¢ is the width of a unit pulse 
ard from appropriate points in the delay 
circuit several outputs are taken; the largest 
of which is used as the bias current. How- 
ever, if output current from the midpoint of 
the delay circuit is used as signal current, 
the relations between signal and bias becomes 
as shown in Figs. 11 (a) and 11(b). It may 
easily be seen that this system is free from 
net loss variation. But other than the bias 
current from the received signal, direct current 
bias is used to suppress the interference from 


Signal input Delay circuit 


‘Signal output 


: Output for bias 
(a) Net loss variation compenseting circuit with 


delay fine 


signal output’ 
slice level 


Total 


ye bias output 


Bias output from 
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(b) Illustration of compensator 


Fig. 11—Net loss variation compensating 
circuit and its signal waveforms. 
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circuit noise when space signals are trans- 
mitted. The value of this direct current bias 
is determined according to compensating 
range of the net loss variation. For instance, 
if we want to compensate --N dB variation, 
then one-half of the (normal level-N) dB 
signal amplitude should be chosen as_ the 
value of direct current bias. As the threshold 
level of the simple slicer is one-half of signal 
level, this compensation system is liable to 
error from circuit noise more frequently than 
a simple slicer when the signal is space. 
The effective signal to noise ratio is lowered 
by as much as NdB. The net loss vs. signal 
distortion characteristic of this system is 
shown in Fig.12. The compensation  re- 
sponse of this system to net loss variation is 
very quick and interference by sudden change 
of net loss can be eliminated within 2 or 3 
unit pulses. 


1.6. Frequency Response of Carrier 
Telephone Line in Japan and 
Limit of Signaling Speed 


There are many kinds of carrier telephone 
systems in Japan and they have different 
characteristics from each other. Among these 
characteristics the frequency response of the 
telephone line and distribution of the noise 
level are the most important factors relating 
The fre- 

system 


to data transmission performance. 
quency response of the telephone 
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Fig. 12—Illustration of charac- 
teristics of net loss vari- 
ation compensator with 
delay line. 
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mainly depends on the frequency character- 
istics of the channel filter and channel ampli- 
fier and does not depend on the type of 
carrier telephone system. A typical example 
of the frequency response is shown in Fig. 
13. If subcarrier frequency is selected appro- 
priately, the attenuation characteristic and 
group delay characteristic are both symmetri- 
cal to the subcarrier. These characteristics 
were approximated as a function of frequency 
in the form of the 8th order polynomials. 
These approximating formulas were  sub- 
stituted in equation (15) and the integral 
in (15) was calculated numerically with the 
M-1 computer, which was developed at the 
ECL. The results are shown in Figs. 14, 15, 
and 16. Interferences «@,| which correspond 
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to various widths of the unit pulse are shown 


in Table 1. Here sampling point ¢ is given 
by the following formula 
ee : (20) 


where ¢, is the time of the indicial response 
across 1/2 of asymptotic value of the re- 
sponse, and + is the width of the unit pulse. 
If we substitute these values into equation 
(4), the relation between the modulation 
speed and its margin is obtained. These 
values are also given in Table 1. From these 
results it is observed that if there is no inter- 
ference caused by circuit noise the limit of 
signaling speed is about 3000 baud. 
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2. Experiments on Data Transmission 
2.1. Object and Outline of Experiments 


In Section1, theoretical analysis of data 
transmission by an AM DSB system has been 
described. In this section experimental analy- 
sis will be described. Main purposes of these 
experiments are 


1. to analyze problems of data transmission 
which could not be solved theoretically 

2. to obtain the practical limit of signaling 
speed experimentally 

3. to verify the results of theoretical analy- 
sis of data transmission problems. 


Moreover, in the theoretical analysis, many 
conversion processes (for example, the modu- 
lation process and detection process) have 
been assumed to be ideal but in actual prac- 
tice these processes are not perfectly ideal so 
that it is necessary to ascertain experimental- 
ly that the theoretical results calculated under 
these simplifying assumptions are correct. 
For the purpose of achieving the above 
object it is necessary to have a_ standard 
binary data transmission system with a binary 
signal- generator and signal distortion measur- 
ing set. In actual practice it is very difficult 
to test transmission performance of a part of 
the system separately. For example, modu- 
lator performance can be tested together with 
demodulator performance; however, it is very 
hard to determine modulator performance 
only separated from demodulator performance. 
But if modulator performance is ideal then 
the combined performance of modulator and 
demodulator may be equal to demodulator 
performance alone. Therefore, if we have an 
ideal data transmission system we are able 
to test each part of any transmission system. 
In this meaning this standard binary data 
transmission system is very similar to SFERT 
or ARAEN in the case of speech trans- 
mission. The ECL experimental system was 
designed to satisfy these requirements and 
signal distortion arising in this apparatus is 
very small. This system consists of a signal 
generator, a sending modulator, a sending 
amplifier, a receiving amplifier, a demodu 
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lator, a signal distortion measuring set, etc. 

The present ECL experimental system was 
made to test data transmission by an AM 
DSB system, but if we replace only the 
modulator and the demodulator with another 
kind of modulator and demodulator then of 
course we are able to test the data trans- 
mission performance of other kinds of modu- 
lation systems. 


2.2. Description of the ECL Data Trans- 
mission Testing Set (Standard Binary 
Data Transmission System) 


This apparatus was made to test binary 
data transmission performance through the 
ordinary telephone line. The front view of 
the system is shown in Figs. 17 (a) and 17 
(b); Fig. 18 is the schematic diagram. At 


Fig. 17 (a)—Front view of data trans- 
mission testing set. (binary 
code generator and dis- 
tortion measuring set except 
cathode ray oscilloscope) 
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first, let us consider data transmission from 
station A to station B. As described in 
Section 1.1 the receiver must sample the re- 
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tect the polarity of the signal, and reproduce 35 S | : 5 
the original binary signal series. The process se Ss =a = ea 
of determining this sampling point is called ex = . ls 

bit synchronizing. Furthermore a letter signal [S50 é 8) | a5 
consists of several bits and the process of 25 2 e ie 
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selecting the group of a letter signal from a 
series of binary signals is called letter synchro- —_ 


ea 


nizing.’ In general, data transmission per- 5 
formance is expressed by error rate but there 85 
hove) 
are two kinds of error; one kind is errors I x 


caused by signal distortion and the other is 
errors caused by mis-synchronizing. These 5 
two kinds of error should be distinguished 2: 
strictly. We must test the transmission per- i 
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formance under perfect synchronizing con- 
ditions, otherwise test results will differ 
according to the synchronizing method. Ina 
loop circuit it is easy to test transmission 
performance under perfect synchronizing con- 
ditions but in the case of point to point 
communication it is very~difficult to synchro- 
nize perfectly. In the ECL system standard 
frequency is sent through the line from B 
station to A station by the AM SSB system 
as synchronizing information and this fre- 
quency is used in station A for signal gene- 
ration and in station B for measuring signal 
distortion. In station A, the received synchro- 
nizing signal from station B is led into an 
amplifier-filter, and interference caused by 
circuit noise, net loss variation, etc. is remov- 
ed in this police: filter. 

The low-pass filter at the eidae station 
was designed in accordance with the theory 
described in subsection 1.3.1. and the sending 
modulator and sending amplifier were design- 
ed to prevent the generation of signal dis- 
tortion in the circuits. In addition, a noise 
superposing circuit is attached to this sending 
amplifier and it is used to test effects of 
circuit noise. The receiving amplifier has a 
facility to simulate net loss variation in the 
telephone line (by external drive). The de- 
modulator is a full wave linear rectifier with 
a low pass filter. In the shaping circuit, a 
net loss variation compensating circuit, whose 
compensating region is arbitrarily variable, 
and a simple slicer are used. 

When we use this set as a standard binary 
data transmission system, it is unnecessary to 
transmit standard frequency and only the 
apparatus which is shown in upper half of 
the schematic diagram is used. In this case, 
if we replace the transmission line with net- 
works which have various frequency respons- 
es then the relations between data trans- 
mission performance and frequency character- 
istic of line are obtained; and, as described 
before, interference caused by net loss vari- 
ation and circuit noise can be tested too. 


2.2.1. Binary Signal Generator and Signal 
Distortion Measuring Set 
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1) Binary signal generator 


This apparatus is driven by an f c/s sinu- 
soidal wave and generates an f baud signal 
with a 2~-16 bit pattern. At least a 10 bit 
pattern will be required as a test signal to 
examine the characteristic distortion of the 
transmission system and for reasons of circuit 
construction a 2” bit pattern is very con- 
venient; therefore maximum pattern length 
was selected as 16 bits. Output voltage is 
+ 10v to a 10kQ load. In Fig. 19 the sche- 
matic diagram and waveforms of each part 
are shown. At first the f c/s sinusoidal 
current is amplified, sliced, and then a 2f 
baud 1:1 signal is obtained. This 1:1 signal 
is led into 4-stages of flip-flop circuits, and 
the outputs of each stage are passed 
through a matrix circuit; therefore 16 funda- 
mental signals are obtained and these funda- 
mental signals are used to generate the 16 
bits signal pattern. Combinations of 16 bits 
can be freely selected by push-buttons which 
are connected to OR-gate circuits. 

However, the output signal of the OR-gates 
has a little distortion caused by the time de- 
lay of the flip-flop circuits, and moreover 
there is a short split between each bit. 
Therefore this output and the differential 
pulse of a 2f baud 1:1 signal are fed into 
an AND-gate circuit whose output is used as 
a test pattern. The distortion of this binary 
signal generator output is less than 0.1% at 
2500 baud. Furthermore, pattern length is 
freely changeable by resetting the flip-flop 
circuit at any point. The main specifications 
of this signal generator are as follows. 

Pattern length from 2 to 16 bits 

Signaling speed 1000, 1250, 1500, 1750, 
2000, 2250, 2500 baud 
It is possible to transmit 
a higher speed signal by 
external drive. 
+10 veto 10k OF load 
(double current signal) 
Combinations of signal pattern 

freely changeable by 
push-button 


Output voltage 


454 REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 


Flip - flop circuit 


st SH = |e HH 
| 


Matrix circuit 


1 |Selection of word 
2 {length 


16 


#16 
Code selection 
Fife i Output 


(a) Block diagram 


1 2 35h 2 6 Cire Peck KO) Rh lA SIGE Misi alte 


pheetoutea Pel Well LL Lat Pat fel: fete ae area 
aud | 


SaSi| | | 
Matrix ua | | 
#1 
#2 


#15 


OR gate era ae 
output | 
aoe | See 
(Lee 


AND gate fl j 
#1 i 
= ase Ea Pe eee 


Output _ | le 


(b) Waveform in Each Part 


Fig. 19—Code generator. 


VOLUME 9, NUMBERS 7.8, JULY-AUGUST, 1961 


2) Signal distortion measuring set 


Trangmission performance of a_ binary 
signal transmission system can ‘be expressed 
by an error-rate. But beside the error rate, 
margin and signal distortion are used to de- 
signate allowance for error. In this case 
margin (defined in Section 1.1) expresses ver- 
tical allowance for error. In Fig. 20, R is 
received signal waveform, s is slice level, 
and the dotted lines represent ideal character- 
istic times. If the unit pulse length ct, then 
distortion d may be expressed as 


d= x10 %. 


Generally, the error rate of a binary data 
transmission system is so small that it takes 
a long time to measure transmission per- 
formance by error rate, but signal distortion 
can be measured in a comparatively short 
time. If we have data concerning circuit 
noise and circuit interruption then we are 
able to estimate the error-rate of the system. 
In telegraph transmission, signal distortion 
has been used as a measure to designate 
transmission performance in various countries. 
However, in the case of high speed data 
transmission only error-rate is used as a 
measure throughout the world, but signal 
distortion may be more convenient to use 
than error-rate. And it is easier to make a 
distortion measuring set than to make a 
margin measuring set; therefore in the pre- 
sent analysis signal distortion is adopted as 


J Slice level 


R 


Ideal significant instant 


Fig. 20—Received signal and distortion. 
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(a) 2cm 10 % 


(b) 10cm 10 % 


Fig. 21—Waveforms as seen on distortion 
measuring set cathode-ray oscillo- 
scope. 


a measure to investigate transmission per- 
formance. 

The signal distortion measuring set consists 
of a standard pulse generating circuit and a 
cathode-ray oscilloscope. Its schematic dia- 
gram is shown in Fig. 22. The standard 
pulse generating circuit is very much like the 
circuit of the binary signal generator except 
that a 10f c/s oscillator, a 10:1 frequency 
divider, and a 10% time-marker pulse gener- 
ating circuit are added. The most important 
problem when we make a signal distortion 
measuring set is how to obtain the standard 
time. One method is to take the character- 
istic instant of the sending signal at the send- 
ing station as the standard time and to 
measure the transmission time of this charac- 
teristic instant from the sending station to 
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Fig. 23—Principle of measuring isochronous distortion 
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receiving station but this method can not be 
used except for loop-circuit measurement. 
However, the absolute transmission delay 
is not necessarily important and the maximum 
difference between each transmission delay 
should be measured; therefore in Fig. 23 we 
may measure differences between d; instead 
of measuring D;. This means that if we have 
standard pulses which are arranged in 1/f 
sec intervals, we can measure distortion aris- 
ing in the transmission line between distant 
stations. The signal distortion which is 
measured by this method is called isochronous 
distortion’ and the ECL distortion measuring 
set is able to measure the distortion of 16 
characteristic instants separately or simultane- 
ously. Fig.21 shows waveforms on_ the 
oscilloscope; in which the short pulses are 
10% time markers and the long pulses are 
characteristic instans of the received signal. 
By an external scale we can measure the 
distortion with a precision of 0.2%. 


2.2.2. Binary Data Transmission System 


The outline of the system was already ex- 
plained in Section 2.1; in this section details 
of each part will be described. 


1) Waveform converter 


As the output of the binary signal gener- 
ator is a double current rectangular wave of 
+10v, it must be converted to a _ single 
current wave to drive the ring modulator. 
This waveform converter changes the + 10v 
signal to a 0 to +4v single current signal. 
The output level of the ring modulatcr is 
exactly proportional to the input single current 
level, and the output level of the waveform 
converter is maintained at a constant value 
by a zener diode irrespective of power source 
variation, temperature variation, etc. The 
output impedance is 600Q +30 irrespective 
of signal polarity, and direct current can be 
superposed on the output current. This super- 
posed direct current is used to prevent the 
output current of low pass filter from becom- 
ing negative value and to introduce fortuitous 
distortion. 
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2) Sending low-pass filter 


This is used to suppress the spurious com- 
ponent as described in subsection 1.3.1. A 
Tschebyscheff filter and a flat delay filter 
with a frequency response as shown in Fig. 
24 are used. A frequeucy response curve of 
low pass equivalent of typical telephone line 
is also shown in Fig. 24. 


3) Modulator 


A ring modulator is used but the signal 
current and subcarrier input terminals are 
interchanged to transmit the direct current 
component of the binary signal. Gold-bonded 
germanium diodes are used as modulator ele- 
ments in order to suppress unwanted spectra. 
Input and output transformers are carefully 
balanced to ground. The circuit diagram and 
overload characteristic are shown in Fig. 25. 


4) Sending amplifier 


A high-power amplifier is used to test the 
effect of superposed noise. Second and third 
harmonic distortion are less than —70 dB and 
—50 dB respectively when the output level 
is 30dbm and superposed noise does not 
cause overloading. 


5) Receiving amplifier 


An average gain of 45dB and an attenu- 
ation equalizer are provided in this amplifier. 
External drive enables this amplifier to simu- 


late slowly changing net loss variation of 
> db. 


6) Amplifier-rectifier 
A linear full wave rectifier is used. Total 


gain is about 5dB; output impedance is near- 
ly 600Q. 


7) Receiving low pass filter 


A Tschebyscheff filter, flat delay filter, and 
raised cosine response filter are used to de- 
tect the signal component from the output of 
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Fig. 24—Frequency characteristics of transmitting filter. 
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Fig. 26—Frequency characteristics of receiving filters. 


the amplifier-rectifier. Their characteristics 


are shown in Fig. 26. 
8) Shaping circuit 


The shaping circuit consists of a simple 
slicer and a net loss variation compensating 
circuit. Input voltage to the compensating 
circuit must be about 3v; output is about 
+10v to a 10kQ load. Compensating range 
is arbitrarily variable. 


9) Amplifier-filter 


The amplifier filter is used to detect the 
standard frequency. Its tuning frequency is 
variable between 1 kc to 2.5kc according to 
the signaling speed. 


2.3. Experimental Results 


When binary signals are transmitted through 


a telephone channel, the signals are distorted 
owing to amplitude and phase distortion of 
the channel; and are disturbed by line noise, 
net loss variation, etc. The disturbances ow- 
ing to net loss variation and line noise are 
dynamic and fluctuate rapidly or slowly with 
time, while amplitude and phase distortion 
are static and do not fluctuate with time. 
Inflences of dynamic disturbances on _ binary 
data transmission are different according to 
the type of net loss variation compensating 
system. Thus, the experiment was carried 
out in two steps: One step is the experiment 
of binary data transmission without noise and 
net loss variation, and the other is the ex- 
periment on net loss variation compensating 
circuit and influences from noise. Such ex- 
perimental results will be shown in turn and 
will be examined carefully. 
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2.3.1. Binary Data Transmission Per- 
formance of Experimental Sets 
and Telephone Channels 


To begin by examining the performance 
of each part of the set, binary signal wave- 
forms at the outputs of these parts are shown 
in Fig. 27. In this case, a Tschebyscheff type 
filter is used as a transmitting filter and a 
flat delay type filter is used as a receiving 
filter. Instead of transmission line, variable 
low pass filters and variable high pass filters 
are used. The resultant band pass filter 
transmits frequencies from 150 c/s to 4200 
c/s. This test is carried out at signaling 
speeds of 1000 baud and 2000 baud, with 
subcarrier frequency is fixed at 1900 c/s. 


(a) Input signal. 


(b) Sending low-pass filter output. 
(Tschebyscheff type) 


fenae » 


ffewe 4 
\ é 


alr 


(c) Modulator output. 


(d) Receiving amplifier input. 


(e) Linear full-wave rectifier output. 
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(f) Receiving low-pass filter output. 


(Plat delay 530 (b) Sending low-pass filter output. 


(Tschebyscheff type) 


(g) Output signal. : (c) Modulator output. 


Fig. 27 (A)—Waveforms of transmitted signal. 
(signaling speed 1000 baud; sub- 
carrier 1950 c/s) 


(a) Input signal. (d) Receiving amplifier input. 
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; e (a) Linear full wave rectifier output. 
(e) Linear full wave rectifier output. (Relative phase difference between 
signal and subcarrier =0) 


(f) Receiving low pass filter output. (b) Linear full wave rectifier output. 
(Flat delay type) (Relative phase difference between 
signal and subcarrier=7/2) 


(g) Output signal. ae 
(c) Receiving amplifier input and receiving 


low-pass filter output. 
(phase difference =() 


Fig. 27 (B)— Waveforms of transmitted signal. 
(Signaling speed 2000 baud; sub- 
carrier 1950 c/s) 
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(d) Receiving amplifier input and receiving 
low-pass filter output. 
(phase difference =z/2) 


Fig. 28—Effects of relative phase difference 
between signal and subcarrier. 
(signaling 2000 baud; subcarrier 
2000 c/s) 


Next, Fig. 28 illustrates waveforms at the 
outputs of transmission line, full wave recti- 
fier, and receiving low pass filter when re- 
lative phase differences, between binary signal 
and subcarrier are 0 and z/2, where signal- 
ing speed is 2000 baud and subcarrier fre- 
quency is 2000 c/s. As seen in the figure, 
the signal waveforms at the output of the re- 
ceiving filter scarcely differ from one another, 
and the degree of fortuitous distortion caused 
by such phase difference does not reach 1%. 
This demonstrates the conclusion which is 
described in subsection 1.3.1. 

Now, as described in subsection 2.2.1, signal 
distortion is adopted as an index to show 
binary data transmission performance in the 
ECL experimental system. All data follow- 
ing will be represented by (isochronous) dis- 
tortion. Furthermore, it is noted that in the 
following experiments only “10101011001110 
00” and its inverse are used as code patterns. 
These code patterns would be expected to 
generate a larger characteristic distortion than 
any other combination of codes. 

Fig. 29 shows the distortion characteristics 
when the transmitting filter is directly con- 
nected in tandem with the receiving filter. 
As the image impedance of the flat delay 
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filter is 600Q pure resistance, direct con- 
nection causes no inconvenience. 


S Flat delay type > Tschebyscheff | 
oe “Flat delay type>Flat-delay typex~ 1 
2 Tschebyscheff type->Fiat delay oe yi 
2 | : aie 
3 3 LZ 
s : 
= 
oO 
oO 
ae 
0 


2000 2500. 


Signaling Speed (Baud) 


Fig. 29—Distortion performance of some 
filter combinations. 


The transmission performance including the 
modulation and demodulation process is shown 
in Fig. 30. In this case, as the transmitting 
amplifier is directly connected with the re- 
ceiving amplifier, performance is not influenc- 
ed by transmission line characteristics, but 
the degree of signal distortion is increased as 
compared with the distortion of the direct 
current system (Fig. 29) by useless frepuency 
components produced in the modulator due 
to the unbalance of the modulation elements 
and insufficient suppression of spurious com- 
ponents. According to this result the dis- 
tortion increases only 1% at 2000 baud and 


= 


(Flat delay type’ Tschebyscheff 


7| 
oval 


10 Flat delay type>Flat delay types | jz 
Tschebyscheff type> i aBR 
| Flat delay ipef? 


Ve 
AT 
7 


7 


Isochronous Distortion (%) 


o—-— 


onl ee 
1500 2000 


Signaling Speed (Baud) 


1000 2500 


Fig. 30—Total distortion performance of 
experimental set. 
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2% at 2500 baud. Finally as an example of 
binary data transmission performance through 
a telephone channel, signal distortion charac- 
teristics are shown in Fig.31. In this case 
the 12Mc coaxial cable carrier system, which 
is now being tested for reliability, was used. 
The difference of distortion characteristics 
between Figs. 30 and 31 is considered as re- 
duction of performance owing to the limitat- 
ions of the frequency band by the telephone 
channel used, but the amounts of the reduct- 
ion are different according to filter combinat- 
ions. The fact that distortion with the 
Tschebyscheff type and flat delay type filter 
combination is worse than distortion with the 
two flat delay type filter combination is caus- 
ed by phase distortion of the Tschebyscheff 
type filter, and quadrature components owing 
to the asymmetry of line attenuation charac- 
teristics about the subcarrier frequency of 
2kc/s. When a flat delay filter is used at 
the sending station, the asymmetry of the 
line characteristics may be corrected by the 
narrow band characteristics of the transmit- 
ting flat delay filter (see Fig. 32). From the 
results mentioned above, it seems that the 
filter combination of two flat delay types is 
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the best from the standpoint of distortion 
characteristics but in practice we must choose 
the combinations from considerations of other 
points such as vulnerability to noise and net 
lcss variation. 


2.3.2. Binary Data Transmission Per- 
formance of Net Loss Variation 
Compensating Circuit 


(1) Net loss variation compensation charac- 
teristic 


Figs. 33 (a), (b) are signal distortion charac- 
teristics to input signal level when a band 
pass filter, whose characteristic is shown in 
Fig. 34, is used as the transmission line. A 
compensating range of +3dB is chosen; if 
the input signal level decreases below —3 dB, 
its distortion increases suddenly. Theoretical- 
ly, at input signal levels over —3dB, the 
curves should be parallel to the axis of ab- 
scissas, but the curves have small positive 
ard negative slopes. This comes from the 
fact that, if input signal level increases, 
cuirent in the diodes (see Fig. 11) increases 
and decrease of diode resistance makes the 


60 
Tschebyscheff type> 
Flat delay type 
50 
Ss Flat delay |type+> 
S - Tschebyscheff type h 
= Ui 
5 o] 
B : 
2 / 
; / 
e 30 
fo} 
rad 
oO 
fo} 
oO 
20 
at delay type > 
10 Flat delay type 
; A Se ; 
has _ =). Fig. 31—Distortion performances when 


Signaling Speed (Baud) 


2500 
used over telephone channel. 


VOLUME 9, NUMBERS 7-8,’ JULY-AUGUST, 1961 ry 465 


ial | 
} Flat delay filter y 
| —— link of telephone channel es 
| \ al | Tschebyscheff filter i | 
| { 
4 i} 
Sie x - fa 
| * f 
-| {heaters uf | 
a \ X i in 
ae) \ Ae + + ve i— ! 
i \ S yh Hl 
2 \ | Ne il 4 " 
S \ a 
iN + X =i 1a ! 
Se \ 7 7 | 
0 =e ie ee a ae ca a Fig. 32—Equivalent bandpass 
| characteristics of trans- 


1 2 3 


mitting filters. 
Frequency (kc/s) 


= 7 Teal 7 
IE 
— rs 
20 
Rising pipniticant- instant 
se 
Rising significant instant 
I 
ean 
ee i0 20 = 
3. / EE = So 
cS ] 
S — y ! 
S — H 
% UY = - l 
a | thd ra ay, 
o : Se / 
=) / = a vw 
FS) I ee ys / 
5 0 sea S 10-7 
ae tlh i ees S | 
° iS = i + 
n yl 5 / 
a / 
Hi | a i 
uh 2 A 
// 2 
io = iN ANG TES 
if | ei Ne =i 
/ | fo) \ ~ — 
Vf | ] 
+ hea ara | 1 
'l Descending significant instant) Pai | 
ty i ~ \ 
. mt \ 4 
if aol gle? 
! H Descending significant | instant 
r 7 lm i —- + + + + 
/ 
a alle 1 | 
AUS eae +2. «+4 Sue ar ae) 0 +2 &+4 
Relative Signal Level (dB) Relative Signal Level (dB) 
Fig. 33 (a)—Level compensating performance Fig. 33 (b)—Level compensation performance 
of slicer with delay line at 1500 of slicer with delay line at 2000 
baud. (Tschebyscheff filter as baud. (Filter combination is same 
transmitting filter and flat delay as Fig. 33. (a)). 


filter as receiving filter). 


466 

20 
Oo 
fs 
3 = 
= r= 
2 10 = 
= oy 
5 ao 
Ec a 
= S 
= = 
q S 

0) 


Frequency (kc/s) 


Fig. 34—Frequency characteristics of trans- 
mission channel. 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 


AC bias higher than the design value. 

At standard input signal level, this level 
compensating slicer has more distortion than 
a simple slicer because at higher modulation 
speeds different code combinations have dif- 
ferent peak voltages and AC bias differs in 
each case. These phenomena are explained 
in Fig, 35: 

Figs. 36 and 37 show distortion perform- 
ance of this compensator when it is adjusted 
for +3dB net loss variation. Fig. 36 is the 
performance when modulator and demodulat- 
or are connected directly and Fig.37 is the 
performance when the transmission line is 
replaced by a voice-frequency band-pass filter. 
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Fig. 36—Distortion performance of level 
compensating slicer adjusted at 
+ 3dB level deviation. (without 
transmission line). 


se “—— -=—DC bias 
=—Receiving waveform 


Fig. 35—Characteristic distortion 
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ing level variations. 
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(2) Vulnerability to noise 


Generally speaking, the degree of fortui- 
tous distortion caused by noise is inversely 
proportional to the build-up and fall time of 
the received binary signal, and there is a 
large correlation between build-up and _ fall 
time and signaling speed. Therefore, the 
build-up times of indicial response were 
measured for various filter combinations. 
The results are tabulated in Table 2. 

Next, Figs. 38 and 39 show distortion per- 
formance when a single sinusoidal wave is 
superposed on the transmitted signal as noise, 
where the transmission line was a band-pass 
filter which transmitted the frequency band 


Table 2 


BUILD UP TIME OF THE INDICIAL RESPONSE 


Combination of Filters Build up time 


Tschebyscheff typeFlat delay type 440 ps 
Flat delay type —Flat delay type 520 ps 
Flat delay type —Tschebyscheff type 450 ps 


Isochronous Distortion (%) 


Noise Frequency (kc) 


Fig. 38—Noise performance of level com- 
pensating slicer (1000 baud). 
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Isochronous Distortion .(%) 
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Noise Frequency (kc ) 


Fig. 39—Noise performance of level com- 
pensating slicer (2000 baud). 


from 0.15~4.2kc/s. The attenuation dis- 
tortion and phase distortion of this filter in 
the band corresponding to a telephone channel 
are negligible but higher harmonics of the 
modulated wave are suppressed sufficiently. 


2.3.3. Review of Special Problems 


In the preceding subsections, experimental 
results are described and remarks on them 
are made, but other than these remarks there 
are many other problems to be discussed. In 
this subsection, these special problems will be 
reviewed. 


1) Distortion and margin 


In order to simplify the discussion, let us 
consider distortion and margin of the trape- 
zoidal waves which are shown in Fig. 40. 
Assume that the build-up time of the wave 
is t seconds, then it is possible to transmit 
these trapezoidal waves without decreasing 
margin until 1/z baud. With greater increase 
of signaling speed, however, the margin de- 
creases in inverse proportion to the speed, 
reaching zero at 2/t baud, and binary com- 
munication ultimately becomes impossible. 
However it must be noted that distortion of 
the trapezoidal waves remains at zero per 
cent. In consequence, it is probable that the 
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Fig. 40—Relation between distortion and margin. 
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margin is near 0% in spite of little distortion. 
The above consideration indicates that the 
quality of a binary data transmission system 
cannot be expressed by distortion character- 
istics only. But in order to measure the 
margin of a signal we must specify sampling 
times and measure differences of sampled 
voltages from standard voltage. This is quite 
difficult. On the other hand, as described in 
the subsection 2.2.1, distortion characteristics 
can be obtained comparatively easily by 
measurement of the displacement of signifi- 
cant instants from the standard time. There- 
fore, for the purpose of judging actual quality 
of binary data transmission, it may be best 
to test distortion performance of the trans- 
mission system against noise, net loss variat- 
ion, and many other interferences at various 
signaling speeds and to estimate error rate 
under several conditions. Now, as an_ indi- 
cation of the signaling speed where margin 


Table 3 


SIGNALING SPEED WHEN MARGIN 
REDUCTIONS BEGIN TO APPEAR 


Combination of Filters | l/c 


Tschebyscheff type>Flat delay type 2270 baud 
Flat delay type —Flat delay type 1920 baud 
Flat delay type —Tschebyscheff type 2220 baud 
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reduction begins, reversals of build-up time 
(1/z’s) and the corresponding signaling speeds 
are calculated and shown in Table3 for 
various filter combinations. These values 
accurately correspond to the results which 
are obtained from Fig. 27 (B.f). That is to 
say, the amplitude of the 1:1 signal is smaller 
than the amplitudes of 2:2 or 3:3 signals, and 
the margin of the 1:1 signal is smaller than 
that of a 2:2 or 3:3 signal too. This ampli- 
tude reduction of the signal is most. striking 
for filter combinations of flat delay type, and 
its margin characteristic is worst even though 
its distortion performance is comparatively 
good. 


2) Specification of frequency characteristics 
of transmitting and receiving filters 


As described in Section 1.2 indicial re- 
sponse of the equivalent low pass filter of a 
binary data transmission system should have 
a short build-up time and rapidly decreasing 
transient response. If the amplitude charac- 
teristic and group delay time of the trans- 
mission line are symmetric about the sub- 
carrier frequency, this equivalent low pass 
filter can be synthesized from the transmitting 
low pass filter, transmission-line equivalent 
low pass filter, and receiving low pass filter. 
This relation is shown in Fig. 41. Therefore, 
to some extent, there is freedom in choice of 
transmitting and receiving filter characteristics 
even though the over-all frequency character- 
istic is fixed. Since noise and net loss vari- 
ation generally occur in a transmission line, 
cutting off part of the signal energy in the 


Transmitting Transmission 
5 g | Rees) aL Ss) 
ao low-pass filter Modulator line 


| 
| 
| 
| 
| 


Linear full 


Receiving low Output 
wave rectifier i pass filter 


Transmitting 
low -pass filter 


Inputo—— 


Equivalent low- 
pass filter 


Receiving low 
pass filter ee 


Fig. 41—AM DSB communication system and its equivalent loss-pass system. 
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transmitting filter results in a reduction of 
the equivalent S/N of the system. However, 
in the receiving filter signal energy and noise 
are attenuated simultaneously and, roughly 
speaking, S/N remains constant. According- 
ly, the frequency response of the transmitting 
filter should be uniform in the pass band and 
the frequency response of the receiving filter 
should be chosen so as to make the indicial 
response of the system the desired waveform. 
From the experimental results, a Tschebys- 
cheff filter and flat delay filter combination is 
the best of the three filter combinations. 
This confirms the above discussion. Phase 
characteristics of the Tschebyscheff filter are 
not so good, but as compared with the phase 
characteristic of the usual telephone channel, 
it is rather good and its influence is small at 
2000 baud (see Fig. 24). 


3) D.C. component superposed on original 
signal 


If the indicial response of the transmitting 
low pass filter has overshoot, the output 
signal from the filter can become negative 
when the transmitted signal pattern has 
special combinations and  overmodulation 
occurs. The detected envelope of the over- 
modulated wave is not a replica of the 
original signal owing to unnecessary higher 


Se 


Input Signal 
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harmonics in the rectified signal of the over- 
modulated wave. To remove such harmonics, 
positive d.c. voltage which is not smaller than 
the absolute value of the maximum negative 
transient response may be superposed on the 
output from the transmitting filter (see Fig. 
42). Moreover, this superposed d.c. voltage 
has the effect of reducing interference by the 
quadrature component. The received signal 
when quadrature components exist is express- 
ed by formula (14) and its envelop is 


v PE+Qe. 


If P.>Q,, then 


———_——>—__., 2 
VPEFQESP (145 -pate =) Of 


and the disturbance from Q, is negligible, 
but it increases suddenly as Q, increases. 
When a d.c. component is superposed on the 
original signal, the envelope of the received 
signal becomes 


V (Put D?+@=(PutD) 


(nig ol ges 
US (eae } 


(25) 


and disturbance from Q, may be reduced. 
To increase the d.c. voltage as keeping 
power of the modulated wave constant is to 


Lae Output of Transmitting Filter 


AOS ed, Ehvelope 


Modulated Wave 


Output of Receiving Filter 


Fig. 42—Effects of Overmodulation. 
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decrease signal power relatively and then the 
vulnerabilities to noise and net loss variation 
of transmission line will be increased. Ac- 
cordingly, the value of the de voltage must 
be determined from consideration of its merits 
and demerits. From the experimental results, 
the best distortion performance is obtained 
when a Tschebyscheff filter is used as the 
transmitting filter and the value of the dc 
voltage is as much as 20% of the signal 
amplitude. When a flat delay filter is used 
instead of a Tschebyscheff filter the per- 
formance without superposed dc voltage is 
better because there are no overshoots in the 
indicial response of the filter. 


4) Influence of noise 


In this paragraph some striking points 
which are observed in Fig. 38 and Fig. 39, 
will be examined. In the first place noise 
disturbance depends on the noise frequency. 
This is caused by the level compensator with 
delay line, that is, if the slice level of this 
compensator is set at one-half of signal peak 
amplitude, single frequency noise, whose 
period is equal to the width of a unit pulse, 
enhances the signal level near the signal peak 
and decreases the signal level near the charac- 
teristic instant and the largest distortion occur. 

If f(t) coswet is received wave and kcos ont 
is noise, then 


F(t) cos ac t+k cos ont 
= { f( + cos (@e—an) t} COS wet 
+ {ksin (@e—n) t} Sin wet (26) 


and for f(f)>k 


vV { f(t) +R cos (@e— on) t}* + {Rk sin (He —On) tH? 


= f)+k cos (@e—on) t=fCL) +k cos wat. 
(27) 


Thus, the noise influence on distortion is 
symmetric about the subcarrier frequency. 
Therefore, there are two frequencies which 
generate maximum distortion, and both are 
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determined by build-up time of the received 
signal as well as by the characteristics of the 
receiving filter. In the second place the fact 
that the disturbance by noise decreases as 
noise frequency increases comes from higher 
attenuation of higher frequency noise by the 
receiving low-pass filter. 

In the third place, the noise level at which 
errors begin to occur is about —13 dB below 
signal level regardless of the signaling speed, 
1000 baud and 2000 baud, where level vari- 
ations of +3dB are compensated. Generally 
speaking, in a simple dc binary data trans- 
mission system, a minimum tolerable S/N is 6 
dB, if the slice level is set at one-half of mark 
signal amplitude. In an AM DSB binary 
data transmission system, the amplitude of the 
receiving filter output is 2/z of the peak 
amplitude of the subcarrier which is being 
transmitted continuously, while the peak am- 
plitude of the low frequency noise is not 
changed because higher harmonics of the full 
wave rectified noise are little attenuated by 
the filter. This fact results in a margin 
(S/N) reduction of as much as 20 log 2/z= 
3.9dB. As described in Section 1.5, there is 
a reduction of noise margin by as much as 
NdB owing to level compensation of + NdB, 
and the tolerable S/N becomes (6+3.9+N) 
dB. The experimental results roughly verify 
the above assertions. 

Besides, if the carrier frequencies of carrier 
telephone systems at the transmitting and re- 
ceiving offices are unsynchronized with one 
another, the frequency of the subcarrier will 
be changed. However influence on the _per- 
formance of a binary data 
system are scarcely observed. 


transmission 


3. The Problems in Binary Data Trans- 
mission through Telephone Channels 
and Transmission Quality 


As a rule, data processing systems are di- 
vided into two categories; “real time data 
processing systems” such as seat reservation 
systems, and “delayed time data processing 
systems” such as systems for processing in- 
ventories. In the former case, electrical com- 
munication systems must be utilized as the 
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Table 4 
BINARY DATA TRANSMISSION PERFORMANCE OVER JAPANESE 
STANDARD TELEPHONE CIRCUIT 
One voice link Two voice links 
Deviation of group delay time | focc. than 3 mis less. Ghana ONeemas 
(1000 ~ 3000 c/s) cn : : ae > An 
Netloss variation less than + 3 dB less than + 5 dB 
Signaling speed 1500 baud 2000 baud 1500 baud 2000 baud 
; r aa ict | . : 4 / 9 rove 
Isochronous distortion 6 % | 16 % 6 % 22 % 
= ee Aaa | 7 a ae | = i ———— 7 a Ss - a = 
Transmission level lee 6 dBmo —12 dBmo — 6 dBmo/—12 dBmo — 6dBmo —12dBmo — 6dBmo—12 dBmo 
| | 


taneous noise level | 


ae : | — : 
Maximum tolerable instan- _ 19 Aspe eaes aici 4Bmo—25 dBmo — 21 dBmo —27dBmo —21 dBmo —27 dBmo 
| 


data transmission means because the data 
must be transmitted whenever needed, while 
in the latter case vehicles and airplanes may 
be used to transmit data because some delay 
is permissible. Therefore the most favorable 
transmission system can be chosen from con- 
siderations of speed, reliability, cost, etc. In 
this section, binary data transmission systems 
are examined not from the standpoint of 
economy but signaling speed and reliability. 
Telephone channels were originally de- 
veloped for speech transmission, and are not 
suitable for data transmission, but binary data 
transmission systems must be designed keep- 
ing in mind the telephone channel character- 
istics. Moreover, in a binary data trans- 
mission system, the output level of the trans- 
mitted signal must be evaluated to prevent 
the binary data transmission channel from 
interfering with the neighboring telephone 
channels. In the design of the present carrier 
telephone system, —15 dBm has been adopt- 
ed as a conventional value to represent the 
mean absolute power level (at a zero relative 
level point) of the speech plus signaling 
currents, etc.’ Putting the probabilities of 
occurence of mark and space codes as 1/2, 
the mean power of the transmitted binary 


signal pattern is 3dB smaller than the mean 
power of the continuous subcarrier. If the 
mean power of the continuous subcarrier is 
set to —12dBm then the average power of 
the signal pattern becomes —15dBm_ and 
this value corresponds to speech level, there- 
fore it is unnecessary to decrease the sub- 
carrier level to a value smaller than —12dBm. 
Considering that the peak factor of binary 
signal is small compared with that of speech 
current, the mean power of a binary signal 
may be increased a little. Therefore, Work- 
ing Party 43 of CCITT on data transmission 
recommends the value of —6dBm as the mean 
power of the continuous subcarrier.'® In this 
section data transmission quality at a sending 
level of —6dBm and —12dBm will be ex- 
amined. 

Of the many characteristics of a telephone 
line, (1) frequency characteristics, (2) net loss 
variation, (3) noise, and (4) interruption are 
the main factors which effect the transmission 
quality. As described in Section 6.1, the fre- 
quency characteristics of a telephone channel 
are determined roughly by channel filters and 
channel amplifiers regardless of type of 
carrier system. Therefore the transmission 
qualities are examined using the character- 
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istics shown in Fig. 13 as representative. For 
net loss variation of the line, the values of 
+3dB and +5dB are adopted. To estimate 
the noise disturbance of a binary signal trans- 
mission, the data of frequency distribution of 
instant noise amplitudes is more useful than 
the data of its mean power, but having no 
such data, only maximum tolerable noise level 
will be indicated. 

When data is transmitted through rented 
telephone channels which have little impulsive 
noise compared with switched telephone 
channels, AM DSB system would be the 
best system because of its simplicity and 
reasonable cost. This binary data trans- 
mission system may be designed by consider- 
ing the frequency characteristics and net loss 
variations characteristics of the transmission 
line. 

The transmission quality estimated from 
this study under the conditions described 
above are shown in Table 4. 


Conclusions 


In Section 1, it is proved that the signal 
distortion owing to the relative phase differ- 
ence between each signal pulse and subcarri- 
er can be completely suppressed by letting 
the signal pass through an adequate low pass 
filter before it is fed to the modulator and 
by eliminating the spurious frequency spectra 
arising in the modulator. From this analysis 
it became clear that synchronization between 
subcarrier and signal is unnecessary and de- 
sign of the sending circuit is simplified. The 
indicial response of the standard telephone 
circuit in Japan was calculated with the M-1 
computer, which was developed in the ECL, 
and from that result the relation between 
modulation speed and its margin is obtained. 
This value of margin serves as a reference 
for the design of data transmission sets. 

In Section 2, experimental results are de- 
scribed. Among them, the analysis of inter- 
ference from line noise and net loss variation 
in the case of binary data transmission by 
an AM DSB system is very useful to know 
the application limit of the AM system and 
to fix the output level of the modulated 
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signal. 

In this paper, the performance of data 
transmission through private telephone lines 
is studied and some useful results are obtain- 
ed but there remains some problems to be 
studied such as interruption of the trans- 
mission line, noise level distribution, etc. The 
problem of interruption is being studied and 
the results will be published soon but the 
investigations of interruption must be continu- 
ed hereafter because the frequency of inter- 
ruptions vary with time according to the in- 
crease of the number of telephone channels, 
with types of transmission system, etc. 

Furthermore it is necessary to investigate 
the quality of data transmission through 
switched telephone channels. In this case fre- 
quency modulation or phase modulation 
systems may be more useful than amplitude 
modulation systems. 


Appendix 1. 


Let the cutoff frequency of an ideal low- 
pass filter be f c/s and impulse response of 
the filter be /(t); then 


sin 2x fit 


BOs Qn fit 


CUS) 


As I(é) becomes zero when 2 f,t=tnz; t= 
oe 2 ft 212 ta) Qty ese , aseries of puls- 
es which are sent with the interval of 1/2f 
do not interfere with each other. But if the 
pulse interval changes from the above men- 
tioned value, the sum of intervals from pre- 
ceding and succeeding pulses at a sampling 
point will increase to a value which is high- 
er than the threshold level even though the 
deviation of the interval is very small. The 
following discussion is an explanation of this 
fact. 


Now let f(%)=(sin x)/x x>0 
Gi) 
OV] 
0), (20. 


ATA 


Then let us prove that ee \f{C@natf)z}| di- 


verges except when a and § are both inte- 
gers. 


1) a=integer, B+integer 


eo © |sin Bee 


¥ (f((na+ P= LG 4 Be 


n=0 n=0 


_ |sin Bz | 5 ede = sin 6x eI 
a aT n=0 B a n=0 
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a 


where N>§8/a. 
2) When a is a rational number 


We take positive integers p, g such that 
~-¢p,qg)=1, and put a=p/q; then no two of 
the integers 0p, 1p, ----- ,(q—1)p are congruent 
modulo g. For, if there were two integers 
k, and kx, such that kip=k.p (mod q); from 
q\(ki—k2)p and (p,q)=1 it follows g|(k,—k2). 
Therefore {0p, 1), --++ ,(q—1)p} is merely a 
relabelling of {0,1,q—1} (mod gq). Next we 
define {x} to be the absolute value of the dif- 
ference between x and its nearest integer. 
And let 7 be the minimum value among 
eye t/a), , {B+ (q—1)/q} except zero. 
Then the minimum value among {8}, {§8+)/ 
q},cr »{8+(q—l)p/q} except zero is also 7 
and furthermore (g—1) numbers among them 
are not less than 7. 


co 
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The above discussion does not include the 
case when a is an irrational number, but 


perhaps x f{(na+f)z} | will diverge in this 
n=() 


case too. Fig. 2(b) is the result of this dis: 
cussion. 


Es ((natpe)| = FE {(mts)? sale 


PETES 
ee ES sin( +8 )\n oe : 
un +8)r (+ 7 P+) 
Gal: = 1 =) oo 
= sin; 2) a sin yz >) = =-+ 00 ; 
pr r=0 rtp pr PSN Ve C. 4) 


where N>1+8-1/q. 
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Let R(t) be the output waveform of a transmission line when the input is g(f); then 
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Appendix 3. 


Let us assume that the input signal f(t) is equal to the following value. 


f@® GB.) 
f® =e" boat 


where 7 is a positive real number and sufficiently small. 
The frequency spectrum of f(¢) becomes 
: (3. 2) 
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Let the integral of the first term in equation (2.1) be J; 
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If we put 7-0 then the input signal becomes a unit function and 
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As the integral of the first term in the above equation becomes real, equation (3.4) becomes 
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If we take the path of integration as shown in Fig. 43 and put 
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Imaginary Axis 


Real Axis 


Fig. 43—Intergration path. 


then 
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And let-the integral of the third term in equation (2.1) be J:; then 
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In the same way, the following equation is obtained. 
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Here, Tv, 4, T) and 6) can be expanded as follows 
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Therefore the lower limit of the integration range, o, can be replaced by 0 and R,(f) be- 
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= a ee dw 


X sin (wt+0(a) +a). 


Appendix 4. 


Gaussian noise Jy can be expressed as 


M 
vf = Cn nl ~My 
N 2 COS (Ont —Gn) (4.1) 


where On is phase angle and uniformly dis- 
tributed in the region (0,27) and C, is con- 


(3. 14) 


stant when the noise is white. Now let the 
ee of combined wave J of single sinu- 
soidal wave plus Gaussian noise be : 
then ie 


I=Iy+V cos pt 
ws HD) 
FO=V4LYtIe oe 
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where 
Teen COS ((@nr—p)t—Gn] 


Ivy= I, cos pt—TI; sin pt 


Since /, and J, are distributed normally about 
zero with the variance , the probability 
density of x=V+J. and y=J, are respectively 


— 72 
Cnps)"-exp| S| 


yy? 
Bl tone on 2, 


Here, we put x=Qcos0, y=Qsin@; then the 
probability that the point (x,y) falls between 
Q and Q+dQ becomes 


QdQ |, oP —px(@"+ V?—20V cos 9) |ao 
27 Go Jo 220 | 
IF 2 2 V 
Yo 20 Yo 
Here if we define 
Q dQ oe ss 
5 “Op! du= Qo? gS Yo! (4.7) 
then 
2 2 
piv) =v exp) = Ee Viacan). (4. 8) 
Next if we use the formula 
d A ’ 
ae Peau)sa | =u Tn-1Cau) (4. 9) 
du 


then following equation is obtained 


°»(u)du=\"u Iau) exp | - ee lau 
0 0 2 


eta?) vi(av) 
=exp| 2 2 a 
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v yf? u? +a? 
+(= T,(au) -exp| — 9 au 


2 Z 
=exp| vta | v I,(av) 
2 a 


2 2 2 
+exp| Z iG) I,(av) 


v u? F ur-+a? 
+\4 I,(au) exp | - 9 Jew 


vt+a co yp \n 
eee =exn} nA ees I, (av). 


(4. 10) 


From this equation, equation (17) can be ob- 
tained easily. 


Appendix 5. 


Let us assume that the amplitude charac- 
teristic and group delay characteristic are 
both symmetrical to the subcarrier frequency 
and approximate its low-pass  equivalant 
characteristic by a function of frequency 
f (kc/s). At first let ct be as follows 


t= Bf? + Bi ft+ Be f+ Bs f?. 


(WO) 
When bandwidth is 2f,, 


coo LY v0 £) 


san fea L) 


=f)? Bok? +f Bul! +fP Bek +f/e BF. ©. 2) 


Let t be 7 t2 rt, and 7, when F=1/4, 2/4, 3/4, 
4/4: then the B’s become 
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Gipy 


Therefore if we know 7,~74, an approximat- 
ing formula is easily obtained by equation 
(5.1) and (5.3). Phase characteristic @ is ob- 
tained by the next formula. 


#(Qn radian) = [: (in sec)dw= [acca in c/s) 


= |2eccin ms)df(in kc/s). 
(5. 4) 


In the case of amplitude characteristic T 


T—1 is approximated by the same equation 
form. 


aN Ae teas) Agha Ash’. = (555) 


The values of the A’s are exactly the same 
as the B’s in equation (5.3). Approximating 
formulas to the characteristics which are 
shown in Fig. 13 are as follows. These curves 
are shown in Figs. 14 and 15. 

Group delay characteristics 


7=0. 23047 f? +0. 11495 f*—0. 085831 6 
+0. 047188 f°. ©. 6) 
Amplitude characteristic T 
T=1+0. 45267 f?+0. 13971 f* +0. 10976 f® 


—0. 030974 f*. (5. 7) 
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Appendix 6. 


The group delay time of a telephone line 
at the frequency of the band edge is higher 
than the delay time in the middle of the 
frequency band. This comes from the fact 
that a telephone line is designed to have a 
uniform amplitude characteristic and the poles 
of the transfer function of the telephone line 
exist near the band edge. Therefore when 
we transmit a binary signal through a tele- 
phone line, it is desirable to use a low pass 
filter whose group delay characteristic is a 
complement of the characteristic of the tele- 
phone line. The group delay characteristic 
of the filter described below does not fulfill 
this requirement but it has flat delay charac- 
teristic and furthermore it is very easy to 
realize the actual circuit of the transfer 
function. 

Let the transfer function be W(p) and its 
partial transfer function be W,(p), that is 

Wd) = WC) We(p)--+-* Wap). (6.1) 
Now let us think of the W,.(p) which has 
the following characteristic 


1 


Wa P= oy ey aoe 


where Z,(~) is the passive driving point im- 
mittance function. At first, put Z,(p)=T;p 
(T, is positive real number). 

In this case 


W,( pb) =1/A+T;p) 


| W,Ge) |-2=1+4 T;? o? 


a,=—Jm log W(io) =tan-! T,o (6. 3) 
da, ; a. 
rt ae ie: ia W,(iw) fa 


where ct, is group delay and a, is phase 
characteristic. In the above equation ¢, is 
proportional to | W,|?, this means that the 
group delay characteristic is flat in the region 
where the attenuation characteristic is flat 
and the group delay decreases when attenu- 
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ation increases. 


And next let us put W()p) 
=Wnu"(p), then 


| Wu(io) [-2=1+4 Tio? 
| Ww) |? =4 Ty? w?)¥ 


(6. 4) 
a=Mtan Tyo 


Mon AW a)? 
When M is large; attenuation increases quick- 
ly at the band edge. If there is a require- 
ment that working attenuation S=—elog W 
(iw) must be greater than f, in the region 
w>,, then Ty is easily obtained from the 


A481 


In this case 


eee aa 
Won Won Won 
2Rnw 
=) eee 
Q=tan Rae oe 
7) i 
1 G 
Tn 2K BS Won 


o 2 


@ 


Mon 


a 5 2 
Won Won 


) 


(6. 8) 
following equations. 
Beer Ty20.2)" =e tT iS not proportional to |W,(iw)!. To pre- 
Boner Aster Yh =e (8.5) vent t, from increasing, let us put R, as 
Satie oh Bate follows 
Tu= Veh —1, (6. 6) 
we. INR 
In Fig. 44, the $8 and tc characteristics are lise —2=1 (6. 9) 
shown with the parameter M when f,=3dB. 
i llowi a 
And next let us consider the following Rea ee: 6. 10) 
function 
__2Rap_ ise 
AG) ae a (6.7) 
PR 
+ + Ss —- if 
- I Vv 
ri x i/ 
30 ‘r | y ~ | aes) 
le J ical 
| An 
| | | il | _ 
20 | Lr Ty 4 nae T= | 1.0 ~ 
& {$i He ; ale yan = 
eS | | 1 m 
4 1 4 
10} - — eau 0.5 
le 4 +4 | | als afta 
Weve | L| 
il ||| Fig. 44—Frequency cha- 
f mi LL LL racteristics of 
0 filter parts. 
arom 0.1 ae 10 0 


T yw 
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each ee 
W(p)= pew Ss Won P+@on" 
2 Ry ire Mons ) 
| Walia) = “+( ‘i ) 
= ( Won ) Won 
Soke ee aD 
Ge Won 


2 
1) 
=e 1+( ) 
/ 3 Won 
Taare Aly A 
pal ele ee), 
Won Won 
The zeros, + ion, of W, are decided accord- 


ing to the requirement of attenuation, and 
W()) is obtained as follows 


N 


where 2N is the number of zeros. In Fig 45, 
t, and £, are shown. 
Let the working attenuation defined by 


equations (6.6) and (6.11) be 8x and ,, then 


a gh Peto?! 
bu= 9 Ba ) f 
(G13) 
oa ; logll+ 7, 7 0 
as 


es w 


In equation (6.13), changes of Tw and pon 
correspond to the parallel transition of the 
By and 8, characteristic curve to logarithmic 
frequency (see Figs. 44 and 45). Therefore 
if the attenuation characteristic is given, the 
desired filter can be easily synthesized by 
adding some characteristic curves like in the 
case of a Zobel filter. From these procedure 
M, Tm, and zeros, on, are easily obtained 
and the transfer function becomes 


N 
Wp) = Wu (Pp) - T W,.(P). (6.14) 


Since the denominator of the above equation 
is a Hurwitz polynomial and the numerator 
is lower order polynomial, its physical realiza- 
bility is assured. Furthermore if we realize 
the above transfer function by a lattice circuit 
with iterative impedance of constant resistance 
or by a bridged-T circuit with image im- 


= 
fo) 


6, (dB) 


TrWon//3 (sec) 


Fig. 45—Frequency charac- 


w/wen 


teristics of filter 
parts. 
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Fig. 46—Example of flat delay filter. 


ORS) On en os =u iy 
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N 
W)= Wu" (p - IT Wr(P) 


cae oe a 
d+ TP) 1 et V 3 Wonp 
P+ Won 


li p—Cy = Borge 


C—C— ee =Cu= Te 


pedance with constant resistance, we can 
realize the partial transfer function separately 
and calculation becomes very easy. An ex- 
ample is shown in Fig. 46. 

Next let us consider the impulse response 
of this filter. As indicated in equation (6.3) 
the Pole of W(p) is at —Tyw"! and is a m- 
ple pole. Accordingly, its impulse response 
I(t) becomes 


fM-1 . e-1IT yy 
I®= Tu™ (M1) pe 


(6. 15) 


Since J(f) is not smaller than zero when ¢ is 
positive, there is no overshoot regardless of 


P-P lane 


Ww 
(o) 


= /WOn 


Fig. 47—Positions of zero and poles of 
filter parts. 


Cl Miggl Sul G V 3 @on> 


M. Impulse response of W,,(p) has no mean 
ing itself, therefore let us consider the 
position of the pole. The position is shown 
in Fig. 47 and the absolute value of the real 
part is greater than that of the imaginary 
part, and attenuation of transient response is 
very quick. 
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Growth and Electrical Properties of 
Ferroelectric Glycine Sulfate Single 
Crystals’ 


Hiroo TOYODA,;+ Yoichi TANAKA,} and Wataru SHiOKAW A+ 


The crystal growth, distribution of dislocation lines, electrical conductivity and dielectric 
constant of ferroelectric glycine sulfate are investigated. The effects of crystal imperfec- 
tion on these properties are particularly interesting. 

Addition of Cr**, Sn**, and OH” to the mother solution brings about some appreciable 
changes in the crystal habit. Most of the dislocation lines rise from the pores near the 
seed crystal and the distribution of lines seems to be related to the domain structure. The 
d.c. conduction of the crystal obeys Ohm’s law; the resistivity along the b axis is 2X10" 
ohm-cm at room temperature. The resistivity shows a temperature dependence of exp 
(4E/kT), where 4E is 1.5 ev in the ferroelectric phase and 0.7 ev in the paraelectric 
phase. Irradiation with X-rays decreases the resistivity by one order of magnitude and 
causes a slight increase of 4E in the paraelectric phase. The dielectric constant of a 
normal crystal below the Curie point increases with signal amplitude and shows a low 
frequency dispersion. 
pendencies and cause some added anomalies between 52 and 56°C. Heavy irradiation 
The crystal imperfections affect the ferroelectric 


Impurity addition and irradiation diminish or remove these de- 


lowers the peak value at the Curie point. 


properties through the increase of short-range-order. 


1. Introduction 


The authors have reported in a previous 
paper? that the polarization reversal of a 
triglycine sulfate (hereafter abbreviated as 
TGS) crystal is affected by irradiation and 
by impurity ions. It is an interesting pro- 
qlem to clarify the effects of the crystal im- 
perfections on the other electric properties. 

The changes of the properties of ferro- 
electric substances due to crystal imperfections 
depend on the crystal symmetry and bonding. 
For example, the effects of irradiation of 


* MS received by the Electrical Communication Labora- 
tory on October 15, 1961. Originally published in 
the Kenkyi Zituydka Hokoku (Electrical Communt- 
cation Laboratory Technical Journal), N.T.T., Vol. 
10, No.6, pp. 1181-1195, April 1961. 

Ferroelectric Materials Research Section. 


+ 


BaTiO,” differ from the effects observed in 
TGS or rochelle salt. TGS has a marked 
crystal anisotropy and is a typical molecular 
crystal suitable for the study of the effects 
of imperfections. 

In order to change the crystal habit, im- 
purities are frequently added to the mother 
solution.®» The experiments with Pb*? in 
alkali halide and Sn** in ADP crystals are 
typical examples. TGS grows with the high- 
est rate along the 6 axis in the usual manner. 
It is necessary to be able to vary the grow- 
ing rate depending on the ultimate use of 
the crystal, and for this purpose the effects 
of more than ten kinds of impurity ions have 
been examined. 

There have been few reports on the con- 
ductivity of molecular crystals except for the 
case of the z electron network. The study 
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of ferroelectric polarization reversal necessi- 
tates information on conductivity. It is inter- 
esting that the d.c. conductivity of TGS cry- 
stals shows a clear dependence on tempera- 
ture, a peculiar feature at the Curie point, 
and is affected by crystal imperfections. 

Some precautions are required to obtain 
the change of dielectric constant with fre- 
quency and temperature, as the polarization 
has a non-linear dependence on the measur- 
ing field. The main part of the non-linearity 
originates from the partial reversal of spon- 
taneous polarization, and it is important to 
know how the dielectric constant behaves 
when the introduction of imperfections sup- 
presses the reversal. 


Concentration 
of Cr ions 
mole percet 0 


I) 
ZS 
i) 
ro) 
= 
VL 
oO 
~ 
= 
| 
i= 
~~ 
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2. Crystal Growth 


All the crystals were grown by a slow- 
cooling method. The additional impurity ions 
examined in the growing experiments near 
A0°C. are Na*> Kt, NHi*, Me?77Ma@ Coe 
Nie Eu? ine, Ca Sa A Cr 
Fe*?.-Tit*, Sn**, OH, Cie andi NO; 2 ue 
impurity concentrations were from 0.032 to 
0.5 mole per cent for Cr*’, 0.2 and 0.5 mole 
per cent for Sn**, and up to 10 mole per 
cent for the others. 

Of these ions, Cr*t*, Sn*t*, and OH” ap- 
preciably change the crystal habit. The ad- 
dition of Cr** enlarges the faces belonging 
to the [101] zone and gives a light purple 
coloration. Fig. 1 shows the changes of habit 
with increasing concentration. The Sn*? ions 
lower the growing rate along the a axis (Fig. 
2). The OH™ ions have a similar effect, 
though less considerable. The crystal habit 
also depends on the growing temperature and 
cooling rate (Fig. 3). 

It is thought that the Cr ion is apt to ad- 
here to the (121) face, and the Sn ion to the 
(100) face. The light purple color of a crys- 
tal containing Cr fades gradually with the 
lapse of time after it is taken out of the 
mother solution. The domain structure of 
the impurity-doped crystals is quite different 
from that of the normal crystal and composed 


7+-(121) 10--- (021) 13---(120 
8--- (010) 11--- (1T0) fa catay 
9---(021) 12---(110) 


Fig. 1—The Change of Crystal Habit due to Cr Ions. (6 axis holizontal.) 
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(a) (b) 


Fig. 2—The Change of Crystal Habit due 
to Sn Ions. 
Impurity concentrations are 0.2 
mole percent in (a) and 0.5 mole 
percent in (b). 


(a) , (b) 


Fig. 3—Crystals Grown in Paraelectric 
Phase (55°C) 
(a) Normal crystal. 
(b) Crystal grown in an aqulous 
solution containing 0.5 mole 
percent Cr. 
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of rectilinear domain boundaries. The 
distribution of impurity ions seems to be not 
uniform, as the polarization reversal charac- 


teristics vary from place to place in the 
crystal. 


3. Crystal Dislocation 


Crystal dislocation is expected to have 
some interesting effects on the ferroelectric 
properties. The etch pits on the (001), (110), 
and (010) faces of a TGS crystal” have some 
peculiar features corresponding to the dis- 
location line, and the distribution density of 
the pits closely relates to the seed crystal 
and seems to bear some relations to the do- 
main structure. 

The pits on the (001) face represent the 
linear imperfections which lie in’ the, (010); 
namely, the cleavage plane, and are most 
dense near the site, shown as D in Fig. 4, 
where the [102] axis passing through the 
seed crystal cuts the (010) face. On the {110} 
faces, the pit density is high only near the 
site B, where the <110> axes passing through 
the seed crystal cut the faces. On a cleavage 
face, the pits should concentrate in a fan- 
shaped region shown as E in Fig. 4, bounded 
by the lines connecting the seed with the 
[110] edges, and observation assures that this 
is really the case. A poling experiment has 
shown that the fan-shaped region contains a 
number of domains which are difficult to be 
reversed’, and sharp and linear domain bound- 


Fig. 4—The Distribution of Etch Pits. 

(a) F; seed crystal. 

The pits are most dense at 
B, D, and E. 

(b) is a schematic projection a- 
long the [001] axis. The pit 
densities at A, B, and C are 
similar to those of A”, B”, and 
C”, respectively. 
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4. D.C. Conduction 
4.1. Specimens and Method 


D.C. conduction was measured along the 
a, b, and c axes of normal and irradiated 
crystals and also for crystals grown from 
aqueous solution containing 0.2 mole per cent 
of Cr*? and Fe*®. The 0.05cm thick gold- 
evaporated crystals are irradiated 4.5 cm from 
a source of 35kv X-rays, and the neutron 
dosage is 310'* nvt. 

When a dic. voltage is applied to the crys- 
tal, both charging and conduction currents 
flow in the external circuit. The former 
current decays exponentially but a part of the 
latter current accumulates, forming a space 
charge which reduces the field in the crystal 
to some degree. The conduction current is 
given by 


I=(Vo— Vs) /R=V0/R’, 


where V, and V, are the applied and the re- 
versed voltage due to the space charge, and 
R and R’ are true and apparent resistances, 
respectively. 


Fig. 5—Pictures of Ferroelectric Domains. 


The pictures show two faces of a 0.2 
cm thick cleaved plate etched with 
methyl alcohol. The dark area corres- 


ponds to the positive end of polari- Th : 1 ; 
zation and the white area to the nega- e current attains a constant value in 


ead about ten minutes (Fig.6), and when the 
applied voltage is removed and the circuit is 
shorted, a discharge current flows in the 


4.2. Estimation of Space Charge 


aries with index (201) are frequently observ- opposite direction. Assuming that the dis- 
ed (Fig. 5). These results suggest a probable charge time constant for the static capacity 
effect of dislocation on the domain construc- is much smaller than that for the space 
tion. charge, and that the space charge accumulates 


10-194 


4 


Current (Amp) 
T 
IIE | | | 
T 
+ 
| TT 
- 
tit 
Lt 1 


Fig. 6—The current change with time 
after the application of d.c. 


voltage. 10" 1 10 as J 


Time (min) 
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just below the surfaces, the value of V, along 
the 6 axis was calculated. The value of V, 
is proportional to V,; the result showing 
agreement with Ohm’s law, and it amounts 
to about six per cent of the applied voltage 
when saturated and shows little temperature 
dependence. The space-charge discharging 
current decays approximately as t7' through- 
out the test temperature range between 25 
and 80°C. The resistivities hereafter are 
corrected for the space charge field. 


4.3. Resistivity 


The resistivity along the b axis is 2x10" 
ohm-cm at room temperature and decreases 
with temperature as exp (JE/kT). As shown 
in Fig. 7, the curve of log @ vs 1/T exhibits 
a clear kink at the Curie point. The activat- 
ion energy is 1.5 ev in the low temperature 
phase and 0.7 ev in the high temperature 
phase, respectively. The temperature de- 
pendence of the conduction along the other 
two axes are similar, and the resistivity along 


TO! 


i@y2 


Resistivity Ohm—cm 


noe 
2.8 2!) 3.0 Sil 3:2 373) 34 


ap IOP Kk 


Fig. 7—Temperature dependence of re- 
sistivity along the 6 axis. 
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the c axis only is smaller by one order of 
magnitude. 

Irradiation by X-rays brings about a de- 
crease of resistivity, the effect being particu- 
larly considerable along the c axis. As re- 
presented in Table ] , fifteen minutes irradi- 
ation suffices to decrease the resistivity at 
room temperature and _ further irradiation 
merely causes an increase of activation energy 
above the Curie point. 

The activation energy along the 0 axis 
may be arranged in the following order: 

virginal ferro. phase ~ irradiated ferro. phase > 
irradiated para. phase>virginal para. phase. 
The addition of impurities does not affect the 
resistivity at room temperature, but increases 
the activation energy in a manner similar to 
irradiation. In a polarization reversal experi- 
ment”, the biasing field due to irradiation or 
impurity addition tends to be annealed by 
heating above the Curie point, but this is 
not the case for resistivity and the temperat- 
ure dependence does not vary in heating and 
cooling runs. 


5. Dielectric Constant 


The specimens and treatment were the 
same as in the previous section, but were 
limited to the direction along the 6 axis. 
The test frequency varied from 30c/s to 5 
Mc/s. 


5.1. Field Dependence 


The polarization of ferroelectrics has a non- 
linear relation to the applied field and accord- 
ingly, the dielectric constant varies with the 
test signal amplitude. The main contribution 
to the non-linearity may originate from the 
reversal of spontaneous polarization. Figs. 8 
and 9 show the field dependencies of diele- 
ctric constant for various temperatures and 
frequencies. There seems to exist a definite 
threshold field, Er, where the non-linearity 
starts. The lower the signal frequency and 
the higher the temperature, the smaller the 
threshold field becomes. At room temperature 
Fy is about 2 V/cm for 120 c/s. 

Irradiation diminishes the field dependence 
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Table 


I 


RESISTIVITY OF TGS CRYSTALS 


Resistivity (QQ cm) 


Axis Treatment ee — 
b | Normal 1 <0 
y | X-ray 15 mins. 19x10! 
uv | Xeray hr; 211078 
4 | X-ray 4 hrs. NSN? 
Ya | Neutron 178 < 1018 
YA Fet? | SSO 
Yi | Cre 8) OM 
a | Cre X-ray 4hrs, | 3.5x1018 
G Normal 271013 

| | 
7 X-ray 15 mins. / axon 
w | X-ray 1hr. | 85x10! 
4 | X-ray 4hrs. 71011 
id | Fe*® i232 <10" 
4 | Fet® X-ray lhr. | 85x10" 


of the dielectric constant. For example, five 
minutes irradiation of X-ray augments E, of 
120 c/s up to 8 V/cm and fifteen minutes 
irradiation raises it to over 30 V/cm. The 
dielectric loss angle of virgin crystal also  in- 
creases with the signal amplitude, and the 
introduction of crystal imperfections not only 
lessen its field dependence, but also lower 
the absolute value measured with a small 
signal. 


Activation Energy (eV) 
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5.2. Frequency Dependence 


To obtain the frequency dependence of the 
dielectric constant, a sufficiently small signal 
is used lest the apparent dispersion according 
to the field dependence should disturb the 
measurement. For a virgin crystal, the di- 
electric constant shows marked dispersion be- 
low 1 kc/s and above 100 kc/s at room tem- 
perature. The dielectric loss angle takes a 
ninimum of 0.04 at 10 kc/s (Fig. 10). Irradi- 
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ation and impurity addition remove the low 
frequency dispersion, but have little effect on 
the dispersion above 100 kc/s.' 


5.3. Temperature Dependence 
The temperature dependence of the dielec- 


tric constant is measured at 10 kc/s, where 
the dispersion is not marked. Fig. 11 shows 


Dielectric Constant 


30 40 50 60 
Temperature °C 


Fig. 11—Dielectric constant of normal 
crystal. (10 kc/s) 


the change of virgin crystal. The dielectric 
constant reaches a peak of 2X10* at the 
Curie point. X-ray irradiation does not give 
any marked effect on the room temperature 
constant, but lowers the peak value, which 
becomes 210° after four hours irradiation. 
X-ray irradiation up to four hours does not 
change the Curie point, but neutron irradia- 
tion lowers it about 2°C (Figs. 12 to 16). 
The addition of Cr** and Fet® does not 
affect the Curie point nor the peak value. In 


Dielectric Constant 


Dielectric Constant 
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Fig. 12—Dielectric constant of crystal ir- 
radiated for 5 minutes. (10 kc/s) 
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Fig. 13—Dielectric constant of crystal ir- 
radiated for 15 minutes. (10 kc/s) 
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these crystals and weakly irradiated crystals, 
marked added anomalies appear between 52 
and 56°C (Fig. 17). These anomalies become 
less considerable for heavy irradiation, but it 
is unknown whether they are really lost or 
driven away to a higher temperature range. 

The dielectric constant above the Curie 
point is known to obey the Curie-Weiss for- 
mula, 


e/ =22/A(T—Te). 


As TGS crystal undergoes a second order 
transition of the order-disorder type,” Tv is 
nearly equal to the transition temperature. 
As seen in Fig. 18, the inversely proportional 
relation also holds below the Curie point. 


Ver 108° 
(2) 
ol 


0. 
ao 40 50 60 
Temperature °C 


Fig. 18—Normal crystal. (10 kc/s) 


Although Devonshire’s theory” predicts that 
the ratio of the slopes of the two curves 
should be equal to —2, the observed value 
is —3. A similar discrepancy has been found 
by Triebwasser,'” and Hoshino et al. In 
heavily irradiated crystals, the lines of ferro- 


electric phase show a kink below which the 
slopes are common for all crystals. The 
slopes of the curves just above the Curie 
point have a nearly common value regardless 
of added anomalies and can be represented 
by A219 22109 o 


6. Discussion 


It has not yet been determined whether 
the carriers of electric conduction are electrons 
or ions. TGS crystals are composed of glyci- 
nium and sulfate ions, and zwitter ions of 
glycine”; and can not be considered as an 
intrinsic molecular crystal, but these ions are 
not conceived to move in the crystal. The 
carriers should be electrons or protons or 
hydroxyl ions. From the saturation charac- 
teristic as shown in Fig. 6, and so far as the 
current after saturation is concerned, the 
majority carriers seem to be electrons. 

At the Curie point, long-range-order in the 
TGS crystal vanishes, while short-range-order 
remains over 80°C. Since the temperature 
coefficient of electronic conduction in a order- 
ed state exceeds, in general, that of a dis- 
ordered state, a kink observed at the Curie 
point in the case of TGS may have a re. 
lation to the ordering. 

The coercive field of a ferroelectric sub- 
stance is defined from the hysteresis loop, as 
a field where the average polarization 
vanishes. The field does not, therefore, mean 
a minimum field strength required for the 
partial reversal of polarization, but depends 
on the value of dE/dt of the test signal.!” 
Although E,r defined in the previous section 
is much smaller than the coercive field, it is 
doubtful whether a field lower than Er would 
not reverse the polarization, because the di- 
electric constant measured by the smaller 
signal exhibits a dispersion below 1 ke/s in 
the virgin crystal, and the dispersion is re- 
moved by the irradiation. The generation of 
a biasing field due to irradiation lessens the 
field dependence and may remove the ap- 
parent dispersion. 

The decrease of peak value due to irradi- 
ation can not be attributed to the absence of 
field dependence, because the peak value does 
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not depend on the test signal field nor the 
frequency (up to 1 Mc/s). Irradiation causes 
an increase of short-range-order, which lessens, 
in general, the dielectric constant near the 
transition temperature. The change of short- 
range-order due to irradiation is larger in the 
paraelectric phase than in the ferroelectric 
phase and corresponds to the change of the 
activation energy of conductivity. 

Though there have been many reports of 
irradiation effects on ferroelectric properties, 
the mechanism is not yet under-stood. In 
ferroelectric molecular crystals, such as 
rochelle salt and TGS, even X-ray irradiation 
of smaller energy than that required to knock 
on the atoms gives some appreciable effects. 
Irradiation affects the electronic configuration, 
primarily ionizing the bonds between the ions 
and secondarily causing their rearrangement. 
An increase of short-range-order results 
around the imperfection introduced. A 
similar mechanism is conceived to occur with 
the addition of impurity ions. 

The pile irradiation has a possibility to 
knock on the atoms or ions, but the reason 
why the Curie point shifts to a lower tem- 
perature is not yet understood. Tanaka and 
his co-workers reported a similar shift caused 
by. 7-tays.’» 


7. Conclusion 


The addition of impurity ions to the mother 
solution of growing TGS crystal not only 
changes the crystal habit, but also influences 
the domain structure, polarization reversal, 
electric conductivity, and dielectric constant. 
The impurity effect resembles that of irradi- 
ation with a small dosage and these effects 
may be treated en bloc as phenomena due 
to crystal imperfections. The study of the 
effect of imperfections is important to know 
the structure-sensitivity of ferroelectrics and 
worthwhile to explain some paradoxes among 
the experimental results so far reported. In 
a crystal, such as TGS, which undergoes an 
order-disorder transition, the introduction of 
imperfections affects the ferroelectric propert- 
ies through the increase of local order. 

The d.c. conduction of TGS obeys Ohm’s 
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law, if the space charge field is taken into 
account and the resistivity varies with tem- 
perature as exp (4E/kT), where JE is small- 
er in the paraelectric phase. Irradiation de- 
creases the resistivity and brings about a 
slight increase of 4E in the paraelectric phase. 
The current seems to be transported by 
electrons. 


The field dependence and low frequency 
dispersion of the dielectric constant of a 
normal crystal are lessened or removed by 
the introduction of crystal imperfections, or 
in other words, by the restriction of polari- 
zation reversal. The lowering of the peak 
value at the Curie point due to irradiation 
is considered as caused by an increase of 
local ordering. 

The authors are grateful to Dr. H. Hiraba- 
yashi and the other members of the Ferro- 
electric Research Division for their helpful 
suggestions and cooperation. 
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A Study of M-type Tube Electron Guns* 


Tomoyuki UNOTOROt+ 


Electron orbits in M-type tube guns have been investigated. New types of simple de- 
signs with good characteristics, i.e. a plane electrode gun, a cylindrical electrode gun and 
also convergent guns of the immersed type, have been obtained. 

The experimental results have proved the utilities of these new designs. 


1. Introduction 


The M-type traveling wave tube, a so- 
called crossed-field tube, is a microwave tube 
in which the beam travels perpendicular to 
crossed static electric and magnetic fields. 


Its basic structure is shown schematically in 
Fig. 1. 


Cathode 


Interaction ‘Sole plate 
space 


Collector 


Fig. 1—Structure of M-type traveling 
wave tube. 


This figure shows the cross section of the 
tube cut through the middle. The electrons, 
after being emitted from the cathode, travel 
in the form of planar beam through the 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory, on October 28, 1960. Originally 
published in the Kenkyat Zituyéka Hokoku (Electrical 
Communication Laboratory Technical Journal), 
INFO eOMNOs one paolo Ol 61 

+ Electronic Components Research Section. 


interaction space along the flat slow-wave 
circuit at a velocity nearly equal to that of 
the circuit waves. For this purpose, positive 
voltage is applied to the upper electrode, and 
a uniform magnetic field whose direction is 
perpendicular to the plane of the paper is 
also applied. Thus, the vertical force on the 
electrons due to the static electric field is 
balanced by the vertical Lorentz force due to 
the static magnetic field against eletrons 
travelling horizontally, and the electrons can 
be kept in horizontal motion. 

The special features of this type of tube 
are its high efficiency and large output. The 
mechanism of energy transfer is the same as 
that in the magnetron. Namely, the potential 
energy of the electrons is changed into high- 
frequency energy. Thus, high efficiency like 
that of the magnetron is realized in this 
tube. 

As mentioned above, in the M-type tube, 
the static magnetic field must be transverse 
to the beam and the electron beam must be 
planar. Accordingly, the geometry of the 
electron gun, its electron accelerating system, 
is quite different from that of the commonly 
used O-type traveling wave tube. 

In the M-type traveling wave tube, two 
types of electron gun have been widely used: 
one is a short gun in which the cycloid orbit 
of the electrons is curved on the way, and 
the other a long gun in which a_ hyperbolic 
electrode is used.” 
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Fig. 2—M-type short gun. 


As shown in Fig. 2, the short gun injects 
the electrons emitted from the cathode _hori- 
zontally into the interaction space by doubl- 
ing the electric field when the electron has 
traveled for half_the period of the cycloidal 
orbit. In this type of gun, there is only one 
set of d-c electric and magnetic fields which 
gives ideal conditions. Therefore the potential 
of the interaction electrode cannot be chang- 
ed without changing the voltage of the ac- 
celerating electrode. This causes much _in- 
convenience in a backward wave tube whose 
beam voltage must be widely varied. This 
type of gun, however, is sometimes best, be- 
cause of its simple construction and short 
length. Further description will not be made 
because it has been in use so long and has 
been studied so closely. 

The long gun in which a_ hyperbolic 
electrode is used is schematically shown in 
Fig. 3. As shown, a high-potential hyperbolic 
cross-section accelerating electrode, which 
constitutes the accelerating system which is 
the gun, faces the cathode. The electron is 
accelerated by the gradually increasing electric 


Accelerating 
electrode of 
hyperbolic cross 
Z section 


® Magnetic field 


Interaction electrode 


IQ 
LO ACCA til B eam 
Yu JH Yes Ye 
Cathode Sole plate 


Fig. 3—M-type long gun (Hyperbolic 
electrode gun). 
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field, and then is injected into the interaction 
space.” 

In this electron gun, it is needless to read- 
just electrode voltages even when. beam 
voltage is changed. In the backward wave 
tube, it is advantageous because beam voltage 
can be changed; therefore, it has come to be 
used more widely with the development of 
M-type tubes. In fact, however, the manu- 
facture of this gun is not easy, because the 
hyperbolic cross-section electrode cannot easi- 
ly be made by machine. 

The only reason why a hyperbolic cross 
section was chosen as the curved surface is 
that the analytical solution of the electron 
orbit is made easier by the use of this par- 
ticular form. 

Therefore, it would be very advantageous 
to be able to use a simpler electrode shape 
without decreasing the effectiveness of the 
gun. But up to now no research has been 
conducted to determine whether use of 
simpler electrode shapes is feasible because 
an analytic solution of the equation of 
electron motion is not possible. 

In addition, the essential features of the 
M-type traveling tube are displayed to the 
fullest when the output is large. Therefore, 
a large electron beam is required. In the 
usual traveling wave tube types, a convergent 
electron gun is used; the electron beam 
emitted from the wide cathode surface is 
converged so that the electron current density 
may be increased. The existence of a mag- 
netic field, however, makes the design of an 
electron gun very difficult. In the M-type 
tube, the existence of the transverse magnetic 
field is essential; therefore an immersed-type 
convergent electron gun could not be de- 
signed. 

But thanks to the electronic computer, it 
has recently become possible to solve numeri- 
cally the differential equation whose analytic 
solution is impossible. The auther conducted 
research on M-type electron guns with the 
help of the electronic computer, and obtained 
interesting solutions of the above-mentioned 
problems. 

At first, the electron orbit of a gun with 
a simple planar accelerating electrode, instead 
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of the difficult-to-manufacture hyperbolic e- 
lectrode, was studied. It was found that the 
electron orbit is nearly the same as that with 
the hyperbolic electrode. Also a method of 
designing the plane electrode has been de- 
veloped. Now it can be said that the hyper- 
bolic gun is no longer necessary.” 

Then, the electron orbit was examined by 
using a circular cylinder as an accelerating 
electrode. It was found that when the dia- 
meter of cylindrical electrode becomes small 
enough the shape of electron orbit is changed 
so as to make possible the rippleless injection 
of electrons into the interaction space. 
Therefore, by improving this type, a short 
gun for which no extra accelerating electrode 
voltage is necessary was thought to be 
obtainable.” 

Another study was made using the com- 
puter on the possibility of the realization of 
immersed-type convergent guns. It was clari- 
fied that this type of gun could be obtained 
if even quite simple cylindrical electrodes 
were applied to it. This type is very con- 
venient for practical use because it has only 
to be immersed in the same uniform mag- 
netic field as the interaction space.” 

Test tubes were made following these 
computed results, and experiments were 
made on them.* According to them, it was 
found that the simple plane gun also gave 
very good beam transmission and that a 
convergent gun with perveance of 10x10~° 
was obtained even in the test tubes. 


2. Hyperbolic Electrode Gun 


This type of electron gun has been in 
common use since its use for the M-type 
traveling wave tube was proposed in France, 
and the equation of orbit has already been 
obtained.” 

In general, when an electron is in motion 
in the plane determined by x and z, and the 
static magnetic field —B, is vertical to these 
planes, the equations of motion of an electron 
are as follows: 


dx =e dz 
dt? =o m Ne = a | oi 
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dz —eée dz 
dP -(+) [ B+ B, | (2) 


where 
E,: Static electric field in x direction 
E,: Static electric field in z direction 
B,: Static magnetic field in y direction 
e: Electron charge (negative value) 
m: Electron mass. 


As shown by these differential equations, 
so long as the value of (electric field) /(mag- 
netic field)? is kept constant, the shape of 
the orbit does not change. When the di- 
mensions are multipled by L, the magnetic 
field multipled by Mf, and the voltage multi- 
plied by L2M?; the size of the orbit becomes 
L times as large. That is to say, the shape 
of the orbit is invariable, as a result of uni- 
form enlargement. This is known as the 
scaling law. 


xh 


Sole plate 


Fig. 4—Hyperbolic electrode gun. 


If the hyperbolic shape in Fig. 4 is applied 
to the high potential electrode, and if the 
shape can be represented by 


[ih (3) 


where 
V.: Accelerating electrode voltage 
k: Shape constant of hyperbolic electrode 


then the electron orbit in this system is 
shown approximately by 
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z=2 [exp (c/B)t—(C/B*) sin Bt] (4) 


x=2)(C/B®) {cosh (C/B)t— cos Bt] (6) 
where 

z): Initial position of electron 

C=i9k 

B = 7B, (cyclotron frequency) 

9 = (—e/m). 


From these equations, so long as 20, the 
electron orbit proves always to have ripple 
with the period of cyclotron motion super- 
posed on it. 

Suppose that two parallel plane electrodes 
are placed at a distance of d from each other, 
the potential difference V) is given, and the 
magnetic field B, is in existence; then the 
electron which has started from the low 
potential electrode at the initial velocity of 0 
travels along a cycloid orbit. The cycloid 
radius R, is obtained from: 


nV, 1 wie — I 
R.= 1° 0 = 1% 0 
d @B,y ad B a 
1 (electric field strength : 
gth) (6) 


7 (magnetic field strength)? 


On the other hand, as mentioned above, 
the ripple R, of the electron orbit in this 
hyperbolic gun is given by the coefficient of 
Eq. (5). If the height of the accelerating e- 
electrode from the cathode position z is h, 
as shown in Fig. 4, then the R, is trans- 
formed as follows because ka=V./h: 


C Va 
Ra ae 


(7) 

Through comparison between Eqs. (6) and 
(7), the ripple R, in the gun proves to be 
the same as that of the cycloid orbit between 
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parallel plate electrodes at the same potential 
separated by the gap #.” In other words, 
this gun is good in that the electron beam 
is injected into the interaction space caused 
in a narrow gap and that the amplitude of 
beam ripple caused at that time is kept as 
small as the electron orbit between parallel 
electrodes at the great distance of h from 
each other shown by Eq. (7). 

In addition, the electric field strength due 
to the hyperbolic electrode at the point 2 
becomes 


Exn=— a/ hh. (8) 

From Egs. (6) and (7), therefore, the ripple 
of electron orbit in this accelerating system 
proves to become equal to the cyclotron 
radius given by the electric field at the start- 
ing point of the electron. So it has been 
ascertained that the shape of the orbit is de- 
cided at the starting point of the electron. 

Fig.6 shows a computed example of an 
electron orbit in the electrode system whose 
constants are given in Fig. 5. 


® & = 283 gauss 


x' z' = 160 (in mm) 


Yo=1500V 


d=4.0mm 


29:15mm Ze: 40mm 


Fig. 5—Dimensions of hyperbolic electrode 


gun for computation of electron 
orbit. 


Fig. 6—Computed electron orbit 
40 of hyperbolic electrode 
gun. 
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3. Plane Electrode Gun where 
B=7B, (perpendicular magnetic field) 
First, the electron orbit in a plane electrode D=yk' (electric field). 


system, which is the simplest electrode to : : : 
Merete eiivesti gated, With an electronic computer, such differential 
The equations of motion of an electron in Sate Wonee cae bewcolved ence cuca wae 
ole Coordinates” are” as ease. In Chart1, some computation results 


Pnilinees: are shown.” In this case, polar coordinates 
were used for the equations of electron 
motion, and computations was carried out in 
it. But considering the convenience in plot- 
ting the orbit, the results of computation 
were transformed into cartesian coordinates, 
and are shown together with the results in 
polar coordinates. 

Considering the convenience for the com- 
parison with the computation result of an 
electron orbit in the hyperbolic gun which is 
shown in Fig. 6, the transformation was made 
on the assumption that the cathode was situ- 
ated at the distance of 15mm. At the same 


Accelerating electrode 


ee 
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Fig. 7—Plane electrode gun. 
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Fig. 8—Computed electron orbits in plane 
electrode guns. 


two electrodes, i.e. accelerating electrode and 
sole electrode.” In all cases, it was assumed 
that the accelerating electrode voltage V, and 
the magnetic field B, were 1,500V and 283 
gauss respectively as in the case of hyper- 
bolic electrode shown in Figs.5 and 6. The 
distance from the cathode to the entrance of 
the interaction space of the 4mm gap was 
25mm. Fig. 9 illustrates the electrode 
structure whose #)=15° corresponds to_ that 
of the hyperbolic accelerating electrode shown 
in Fig5, 

For this plane structure, as seen in Fig. 9, 
at the cathode and the entrance point, c and 
d respectively, the vertical distances h and d 
from the sole plate to the accelerating elec- 
trode are equal to those of the hyperbolic. 
As a result of comparison between the shapes 
of these electron orbits, it is found that the 
orbit in the plane electrode gun closely re- 
sembles the orbit in the hyperbolic electrode 
gun. 


Therefore, it can be concluded that even 
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A =10.67 mm 
d=4.0mm 


Fig. 9—Dimensions of a plane electrode 
gun equivalent to a hyperbolic 
electrode gun. 


if the hyperbolic electrode is replaced by the 
plane electrode, the performance of the gun 
is not degraded. 

For further clarification of the property of 
electron orbits, researches were made to find 
common rules among superposed ripples, on 
the basis of the orbits shown in Fig. 8. 
First, the amplitudes of ripples of these orbits 
were numerically evaluated, and are shown 
in Chart 2 together with the parameters of 
the electrodes. In the chart, @ means the 
angle between the electrodes as shown in 
Fig.9; 7) means the product of the angle 
and the initial value ~™, which shows the 
length of arc which passes the cathode to be 
cut by the two electrodes. On the other hand, 


the electric field EF, between the planes is 
given by 


: 1 og 
EKy=— ene G1) 


Accordingly, the strength of electric field at 
the position of the cathode becomes 


Va 
er (12) 


The strength of electric field at the position 
of electrode was calculated, from Eq. (12) and 
the results are shown in Chart 2. 

In order to examine the relation between 
the amplitude of the ripples obtained here 
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RIPPLE AMPLITUDES IN PLANE ELECTRODE GUNS AND ELECTRIC FIELD 


STRENGTHS AT CATHODE. 
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Electric field strength 108 | | | 
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and the strength of electric field, both values 
are plotted in Fig.10. As shown, the points 
expressing these values are arranged in a 
straight line. By using Eq. (6), the cycloid 
radius of electron motion when a_ uniform 
field, which is the same as the electric field 
on the cathode, exists between the parallel 
planes was drawn as seen here. It was found 
that the ripple of these plane electrode guns 
corresponds completely to the cycloid radius 


o: Ripples on electron orbits 


320 


BO 


ine : Cycloid radius|for given 


1.0 electric field strength 


Superposed Ripple Amplitude (mm) 


I) DIO se? 
Electric Field Strength at Cathode (V/m) 


Fig. 10—Ripple amplitude v.s. electric 
field strength at cathode in 
plane electrode gun. 


as shown by the straight line in this figure.” 

It has already been clarified by Ea. (7), for 
hyperbolic electrode guns, that the ripple of 
the beam becomes equal to the cyclotron 
radius given by the electric field on tke 
cathode surface. From Fig. 10, the important 
conclusion that in the plane electrode guns, 
as well as in hyperbolic electrode guns, the 
ripple of the electron orbit becomes equal to 
the cyclotron radius determined by the e- 
lectric field on the cathode, i.e. the starting 
point of electron is obtained. 

Thus, as for hyperbolic guns, distinct de- 
sign data were obtained for the plane electrode 
guns. If the allowable ripple amplitude is 
given, the electric field strength on the 
cathode is fixed by this relation, and the de- 
sign of plane accelerating electrode is com- 
pletely determined. The electron orbit of the 
plane electrode gun has proved not inferior 
to that of the hyperbolic electrode gun. 
From now, the easy-to-manufacture plane 
electrode gun can be used without hesitation. 


4, Cylindrical Electrode Gun 


The cylinder is the surface which is the 
easiest to be made by machine. Subsequent- 
ly, investigations were made on the electron 
orbit of guns in which a cylindrical high- 
potential electrode is used. 

In Fig. 11, if the center of the electrode 
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© Magnetic field 


A+d=d 


a 
yy 


> Z 


Sole plate 7° 


Fig. 11—Cylindrical electrode gun. 


with radius A is at the distance of d(=A+ 
d) from the sole plate, and the voltage is 
V.; then the potential distribution is given 


by 


2 2 

a inp eee | (13) 
2 cosh#( 2) (4a) +2 

A 


where a=" ava. 

If £, and EF, obtained from this equation are 
substituted into Eqs(1) and (2), then the 
equations of electron motion for this cylin- 
drical electrode system become as follows: 


dx [ 2aVe 
ioe ieee 


‘ 
dt cosh-( ©) 
ee a) dz 
(@+a+2} {(G—a+e) Pa | 
(14) 
3 = i] 2a He a 
cosh(“? ) 
(om, are + Bra | 
(15) 


Electron orbits obtained by electronic com- 
puter are shown in Fig. 12.” In this case, 
V, and B, are 1500V and 283 gauss re- 
spectively (the same as above) and dis 4mm 
(also the same as before). Only the electrode 
radius A is changed; the cathode z is put 
at the point 25 mm to the right of the origin; 
if the interaction space is connected to the 
left at the origin, the distance between this 
entrance point and the cathode becomes 
equal to those in the two types mentioned 
before. The values on the abscissa of the 
graph of electron orbit are chosen to coincide 
with those of the two previous types. When 
A=50 mm, the height from the cathode to 
the accelerating electrode equals A in the 
previous example of the hyperbolic electrode 
(See Fig. 4.). Like curve of A=50 in Fig. 12, 
the orbit obtained here closely resembles the 
orbit due to the hyperbolic electrode in Fig. 
6. 

Reduction of the accelerating electrode 
radius A means either the enlargement of the 
angle @ of the plane electrode gun or in- 
crease of the distance between the cathode 
and the entrance point of the hyperbolic 
electrode gun; therefore this results in a de- 
crease of the electric field strength on the 
cathode. But as shown by the illustration of 
the orbit obtained by calculation; when the 
radius A is small, the superposed ripple am- 
plitude does gradually decrease, in contradis- 
tinction to the two previous examples. In 
this case, therefore, it is not so easy to ex- 
amine the relationship between the ripple and 
the electric field strength on the cathode as 
in the previous cases. 

To inquire into the nature of this gun, the 
first maximum ripples were taken up, and 
comparison was made between the ripple 
when a 50mm radius cylindrical electrode 
was used, and the ripple when a _ plane 
electrode with an angle @ of 15° was used. 
It was found that in both cases, the height 
to the accelerating electrode at the cathode 
position was the same but that the ripple 
amplitude was 2.06 mm in the case of plane 
electrode gun, and 210mm in the case of 
the cylindrical electrode gun. 

Therefore, it is not always profitable to re- 
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~~ Fig. 12—Computed electron orbits 


in Cylindrical electrode 
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Cathode at 15 mm, 


place the plane by the cylinder. 

As seen by Fig. 12, reduction of the ac- 
celerating electrode radius results in a location 
where the ripple of the electron orbit is very 
small. By using this part, perfect rippleless 
injection of electron beam into the interaction 
space may become possible. On the other 
hand, if the radius of accelerating electrode 
is reduced, the electric field strength on the 
cathode surface drops remarkably. Therefore, 
the radiated electron beam decreases marked- 
ly. This fact shows that it is disadvantage- 
ous for practical use if left as is. To improve 
the perveance as an electron gun by the in- 
creasing electron emission, the electric field 
on the cathode surface should be intensified 


Center of electrode at 


40 45 mee 


40 mm. 


by putting another accelerating electrode near 
the cathode. 

From Fig. 12, it is found possible to obtain 
a short gun like that in Fig.2 by placing a 
cylindrical accelerating electrode of small 
radius near the cathode. However, according 
to the examinations by electronic computer, 
it was clarified that the velocity did not agree 
in general with the condition of horizontal 
injection; therefore, realization of short guns 
is impossible without modification. 

However, further investigation showed that 
it would become feasible if the sole plane, 
common with the cathode surface, was made 
not flat, but cylindrical. The electron orbit 
between the eccentric cylinders can be ob- 
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tained by computation if the constants of 
Eqs. (14) and (15) are changed. For example, 
a short gun with a single accelerating voltage, 
constructed as shown in Fig. 13, was found 
to be obtainable.” 


A Accelerator voltage 1500 V 
Pi Magnetic field 283 gauss 


Fig. 13—Electron orbit in an eccentric 
cylinder short gun. 


5. Ripple of Electron Orbit between 
Parallel Electrodes 


In general, when an electron starts at an 
arbitrary velocity of (a%,v)) from the point 
P between the parallel eletrodes as shown in 
Fig. 14, and the coordinates of point P are 
(0, p); then the orbit traced is given by 


Fig. 14—Rippled electron orbit between 
parallel plate electrodes. 


z —U, ; 
z= Dot+( ze al ) sin coe (1—cosBt) 


(16) 
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m—(b——5 =) +( a ou cos Bt 


4 a sin Bt (17) 


where U, shows the velocity at which the 
electron travels along a linear orbit in this 
space, namely 


The vertical ripple amplitude R, in this case 
is obtained from Eq. (17) as follows: 


a 
R= V Gig Ot OE. (18) 


As described in the previous sections, the 
electron orbits of the plane electrode gun and 
the cylindrical electrode gun have already 
been calculated on an electronic computer. 
However, the problem still left unsolved is 
the problem of the ripple in the interaction 
space. 

Now let us compare typical examples of 
ripples with one another by using the inter- 
action space orbit Eqs. (16) and (17). The 
dimensions of the electrodes considered are 
as follows: 


Electrode in hyperbolic electrode gun; as 
shown in Fig. 5. 


" in plane electrode gun; included 
angle of 15° 
" in cylindrical electrode gun; 


radius of 50 mm 


In these examples, when the distance _be- 
tween the cathode and the injection point is 
25mm as mentioned above, all the heights 
from the cathode to the accelerating electrode 
are equal. The electron orbit for each of 
these electron guns was obtained by electronic 
computer; under the assumptions that the 
accelerating electrode voltage was constant at 
1,500 V, and the magnetic field B, was vari- 
ously 283 gauss, 258 gauss and 231 gauss. 
The results are shown in Fig.15. These 
three values of magnetic field correspond to 
the three potentials of an electron beam 
which should travel along a horizontal linear 
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Fig. 15—Electron orbits in three 


different guns. 
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orbit, in the interaction spaces of a 4mm 
gap: namely, 500 V, 600 V, 750 V. From the 
electron position and its velocity at the in- 
jection point (the point 25mm on the ab- 
scissa) obtained by electronic computer, the 
ripple amplitude and the height of the center 
of electron beam were calculated through 
Eqs. (16) and (17). The results are shown 
in Chart3.2 For the sake of comparison, 
R, given by Eq. (7), i.e. the ripple of electron 
orbit in the hyperbolic electrode gun, is also 
shown. According to this chart, little differ- 
ence, either advantageous or disadvantageous, 
exists between the states of the beams of 


Veltage 1500 V. Gap of interaction space 4mm. 


Values in mm. 


these three accelerating systems when the 
magnetic fields are changed. In conclusion, 
from the view-point of stability, neither plane 
electrode guns nor cylindrical electrode guns 
are inferior to hyperbolic electrode guns. 


6. Convergent Gun 


Beam convergence of the electron guns 
described thus far was not considered in 
their expositions. That is, when based on 
cross sections, consideration has been made 
on the assumption that electron is emitted 
from one point and that the beam has no 
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thickness. In fact, the cathode has width 
and the beam has thickness, but no steps 
were taken to converge the beam by making 
it as thin as possible. In this section, an 
electron gun in which the electron beam 
emitted from the cathode is positively con- 
verged is treated. 

To construct a convergent gun, the orbit 
of the electron beam emitted from a large- 
area cathode must be given the tendency to 
converge into a point or a line. 

Unfortunately however, in a M-type tube 

with a transverse static magnetic field, analy- 
sis of the electron orbit is much more diffi- 
cult than in the case of a tube with no 
magnetic field. This is because a force per- 
pendicular to the traveling direction of 
electron exists in response to the electron 
velocity. No immersed-type convergent gun 
whose electron gun part exists in a uniform 
magnetic field has yet been reported. 
- To obtain the M-type convergent gun, let 
us begin by considering a magnetron whose 
cathode surface, illustrated in Fig. 16, is on 
the inner side of the outer cylinder. We will 
consider a magnetron whose inner cylinder 
is the anode, unlike the magnetron common- 
ly used whose cathode is situated inside of 
its anode cylinder. In this case, one of the 
conditions of the above-shown convergent 
gun, i.e. a broad cathode area, is satisfied. 


S 


Fig. 16—Outer cathode magnetron. 
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But it remains to be shown that the orbit 
of the emitted electrons can be converged. 
In an outer-cathode type magnetron like this, 
if the space charge is neglected, the electron 
orbit is represented by the following e- 
quations: 


i ee 
de '\ dt i oe eae 


a6 dr dé 
Y +2 


CAO Goat 
de“ dt dt 


18% he (20) 


where 
V. : Anode voltage 
B, : Transverse magnetic field 
7, 7%: Radii of inner and outer cylinders 
respectively. 


The analytical solution of these differential 
equations is impossible. In the case of a 
strong magnetic field, it was only supposed 
that a curve similar to a hypocycloid would 
be drawn. 

Therefore this electron orbit was calculated 
on an electronic computer, fixing the po- 
tential difference between inner and outer 
electrodes, and changing the magnetic field 
little by little. As a result, it was clarified, 
as shown in Fig.17, that with its approach 
to the center the electron orbit deviated more 
and more from the hypocycloid, sank at the 
perihelion, and run along a coaxial circle.» 

Convergent guns can be produced by using 
this characteristic. For instance, if it is con- 
structed as shown by the cross section in 
Fig.18, electrons emitted from the wide 
cathode surface are converged within a 
certain range as illustrated in the figure. In 
this way, a convergent electron gun can be 
made. But as shown in Fig. 18, this coaxial 
cylinder structure results in a convergence 
characteristic with some degree of aberration. 
Practically, it is necessary to make the aber- 
ration as small as possible. As is well known, 
the period of cyclotron motion of an electron 


VOLUME 9, NUMBERS 7-8, JUYL-AUGUST, 1961 


110 gauss 


160 gauss 


Fig. 17—Computed electron orbits in 
outer cathode magnetron. 


Accelerating potential:1000V 
Magnetic field: 136 gauss 


Fig. 18—Coaxial convergent gun. 


in the crossed electric and magnetic fields 
becomes longer with the increase otf the 
electric field strength, if the magnetic field is 
kept constant. Let us observe Fig. 18, keep- 
ing in mind this fact. Then the following 
supposition is possible for the improvement 
of the convergence characteristic. At a place 
far from the focus on the cathode surface, 
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the electric field must be intensified, and at 
a place near the focus the electric field must 
be weakened so that the aberration of electron 
orbit near the focus may be reduced. The 
simplest way to put it into shape is to move 
the center of the high potential electrode or 
the accelerating electrode. For such an ec- 
centric coaxial electrode arrangement, the 
electron motion equations are similar in shape 
to Eqs. (14) and (15), and different from (19) 
and (20). These also can be solved with the 
help of the electronic computer. Speaking in 
more detail, the constants of Eqs. (14) and 
(15) are changed in such a way that the 
equipotential lines may correspond to the 
positions of the inner and outer cylindrical 
electrodes; the initial value is given so that 
the electron may start from the inner surface 
of the outer cylinder; then the electronic 
computer is operated. The electron orbits 
were numerically obtained, moving the ac- 
celerating electrode center little by little, and 
the results are shown in Fig. 19.°? As seen 
in this figure, excellent convergent orbits 
prove to be obtainable as expected, if the 
accelerating electrode center is moved pro- 
perly. 

Fig. 19 shows the orbits calculated on the 
assumption that the electrons were emitted 
from a fairly large region on the curved 
cathode surface. As described later, this whole 
surface can not always be used, but in 
practice, the electron emission surface must 
be put in an appropriate range. When this 
emission surface is small, and aberration is 
allowed to some extent, the eccentricity of 
the accelerating electrode is not so precise, 
as seen from Fig.19. Furthermore, in this 
case, focal length is adjusted by eccentricity. 

Even the convergent electron gun obtained 
in this manner is not satisfactory if the 
characteristic is too critical against changes 
of voltage and magnetic field. To examine 
this, change of shape of the orbits against 
voltage was obtained and is shown in Fig. 
20. For this examination, the dimensions of 
example (e), with the smallest aberration, in 
Fig. 19 was chosen, and three different volt- 
ages were used. It was ascertained that the 
convergent character is not changed by volt- 
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1000 V 
136 gauss 


J:Distance Between 


Axes of Two Cylinders 


Fig. 19—Electron orbits in eccentric cylindrical electrode systems. 


age variation, and that its stability is  satis- 
factory. 

The calculation above was applied only to 
a few sorts of examples. But these calcu- 
lation results are applicable even for various 
combinations of voltage, magnetic field, and 
dimensions, if the scaling law is used. Thus 
they are applicable fairly widely to the de- 
sign of tubes. Besides, against any sort of 
combination, the design can be made easily, 
if only the program of electronic computer is 
prepared. 


7. Effect of Space Charge 


In the examination above, the effect of 
space charge was not taken into account. In 
this section, space charge will be investigated 
to obtain some design data. 

In the case of the M-type electron beam, 
a planar beam is used. Therefore, it becomes 
a two-dimensional problem. If the boundary 
of a planar beam travels inward at the point 
where z=0 as shown in Fig. 21, then with- 
out a magnetic field, this beam boundary 
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Fig. 20—Electron orbits of different anode 
voltages in an eccentric conver- 
gent gun. 


forms the following quadratic curve because 
of the diverging effect of space charge.* 


Ps a oS Se Sah 
Xo -1=({) Voi? 82 /2y eas ey 


where 
I: Total current per unit width 
V, : Potential of electron beam 
n : |e/m| 
= : Dielectric constant of space 
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%’ : dx/dz on the initial slope of beam 
boundary line, where z=0. 


Fig. 21—Sheet beam path with space 
charge effect. 


From Eq. (21), when the initial slope x’ is 


i een (22) 


the thickness proves to become zero. When 
the initial slope becomes large, the boundary 
lines cross each other. In this case if the 
focus point z,’ is obtained, the first beam 
focus z; changes as 


Zi = z/(1 + sary A), (23) 
tae 


thus it moves far away.” In Eq. (23), H 
shows the constant by space charge and is 
related to the perviance P=J/V*?, and the 
next relation is formed: 


— 1. = 4 g 
H= Po, jg == 2. 318X10'P (24) 


Subsequently, practical values will be con- 
sidered. For example, when beam voltage 
=1,000 V, the initial height of the beam 
boundary z9=1mm, and the initial slope= 
30°; the following percentage displacement of 
focal length is obtained: 
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0.71 % (when current per width 10 mm= 
31.6 mA) 

(when current per width 10 mm= 
316 mA). 

As seen from this, the displacement of focus 
is not very large in the case of practical 
values. So the displacement can be consider- 
ed to have little effect upon actual design. 


Te 


8. Design of Convergent Gun 


The converging orbits of the electron beam 
treated above were calculated for the electric 
field constructed with two cylinders. If left 
as it is, the outer cylinder is closed and pre- 
vents electron from being injected into the 
interaction space. In case of injection, not 
only the geometrical combination of electron 
orbits and potential distribution is necssary 
but also the electron velocity must _ satisfy 
the conditions of a linear orbit in the inter- 
action space. 

To satisfy these conditions, an electrode 
structure which gives the necessary distribution 
of the potential must be obtained. For this 
purpose, the resistive carbon paper method is 
recommendable. As a result of examination 


‘By =136 gauss 

Scalex6.66 
Accelerator 

electrode 


GLA 
y, 


Fig. 22—Design example of M-t 
potential distribution. 
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of various electrode structures, the structure 
shown in Fig. 22 which satisfies the conditions 
was obtained. In Fig. 22, the dotted lines 
show the potential distribution when the outer 
cylinder is completely closed. Like this, in 
the converging part of electron beam, the 
potential distribution shows complete corre- 
spondence to the distribution in the case of 
a completely closed outer cylinder. The 
electron velocity at the focus position becomes 
1.0X10‘m/sec. (potential : 283 V), and so for 
a magnetic field of 136 gauss, the electric 
field must be 1.3610°, from the condition 
of horizontal linear orbit in the interaction 
space, i.e. from E,=u)B,. As the gap of the 
interaction space is 2mm, a suitable potential 
difference between the upper and lower 
electrodes of the space is 273 V. As it can 
be seen, the condition is satisfied with the 
electrode structure and the arrangement of 
electrode voltages in Fig. 22. 

As shown in Fig. 22, the convergent gun 
of this structure needs three different electrode 
voltages, among which the accelerating elec- 
trode voltage must have a higher potential 
than the other two. It seems not to be con- 
venient in practical use that such a special 


Cathode and Wehnelt 
electrode 


ype convergent gun with electric 
(Separated accelerator type) 
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high potential needless on the other electrodes 
must be supplied. 

Now another examination will be tried on 
the calculated electron orbit. As an example 
of a system with good convergence character- 
istics, that in Fig.23 is shown. This was 
chosen the one in Fig. 19(e) to which equi- 
potential lines were given afterwards. By 
observing the electron orbits in this figure, 
it is found that no electrons pass through the 
space of very high potential. If we limit the 
orbits in a certain range, it is possible to 
spare those electrons that pass through the 
region of potential higher than 400 V. There- 
fore, if a cylindrical high-potential electrode 
of the same in shape as the 400 V equipotential 
circle is inserted, and 400V applied, then the 
potential distribution of the accelerating space 
is not changed. Then it becomes possible 
to constrain the electrons in the same con- 
verging orbit as shown in Fig. 23, even at a 
lower accelerator voltage. With this consider- 
ation, and with no change of potential distri- 
bution, the simplest structure of electrodes 
and voltages was searched for by the resistive 
carbon paper method as before. As a result, 
the design shown in Fig. 24 was obtained.” 

In this figure, at the electron beam focus, 


Fig. 23—Electron orbits and eguipotential 
lines in covergent system. 
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Fig. 24—linproved design of M-type con- 
vergent gun. (Equipotential ac- 
celerator type). 


the potential is 263 V and the electron ve- 
locity is 9.6X10°m/sec. Therefore the con- 
dition of linear orbit between parallel electrodes 
with a separation of 2mm, ie. E,=By,u, is 
satisfied with the potential difference of about 
270 V. Therefore, by this design, without 
special accelerating electrode voltage, a con- 
verging system is obtainable at an electrode 
voltage equal to the interaction circuit voltage. 
Thus, it seems convenient in practical use. 
As shown in the figure, the accelerating 
electrode is obtained only by planing a part 
of the cylinder, without using any special 
curved surface, and so its fabrication is also 
very simple without any more difficulties than 
in the case of the electrode structure shown 
in Fig. 22. 

In the design in Fig. 24, the sole electrode 
requires special potential, but if it is improv- 
ed into the one in Fig. 25, this sole potential 
becomes needless, too. Accordingly, the con- 
vergence characteristic is obtained with only 
one accelerating voltage. 

The quality of the electron gun of M-type 
tubes can not be judged only by the relation 
between current and voltage, i.e. only by 
perveance. In other words, not only must 
it be considered whether the orbit is linear 
and rippleless but also the electronic efficien- 
cy must be taken into account. 
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Fig. 25—Convergent gun design to 
eliminate sole voltage supply. 


As to this electronic efficiency, the design 
in Fig. 25 is not very favorable, or rather 
inferior to the example in Fig. 26—into which 
the design in Fig. 24 has been transformed 
—whose interaction circuit is separated from 
the accelerating system to raise the circuit 
voltage.” In this case, however, the efficien- 
cy of the whole tube is also related to the 
beam coupling impedance of the interaction 
circuit, and so nothing definite can be said 
on the stage of electron guns. 


Fig. 26—Convergent gun design to 
improve electronic efficiency. 


The design of the convergent gun in Fig. 
24 is only an example. In this example, the 
focus point is designed to gather electrons at 
the center between parallel electrodes. Of 
course, this focus can be located at any arbi- 
trary point by design. The electronic efficien- 
cy varies according to its height. If the focus 


is designed to come at a lower position, then 
the electronic efficiency can be raised theo- 
retically without separating the circuit as 
shown in Fig. 26. Such design can freely be 
made by considering the potential distribution. 

The longitudinal width of the cathode of 
such a convergent gun is determined by the 
ripple amplitude allowed the electron beam in 
the interaction space. That is, if the allowable 
ripple amplitude is determined, the limit of 
vertical velocity component at the focus po- 
sition is determined through Eq. 18, and from 
this the maximum angle of the injection orbit 
is obtained. Subsequently, from the electron 
orbit obtained by calculation, the width of 
electron emitting surface is determined. 

As already mentioned, one design can be 
widely used by the application of the scaling 
law. 


9. Experiments 


As a result of the theoretical consideration 
on M-type electron guns, new designs were 
obtained as above. On the basis of these, 
test tubes were made, and experiments were 
performed. The results will be shown in 
this section.?” 


9.1. Plane-Electrode Gun 


The plane-electrode gun, which is very easy 
to make and needs no close adjustment, should 
come into use in future in place of the hyper- 
bolic electrode gun. 

The design of the test tube is illustrated 
in Fig.27. As it was made only to test the 
electron gun, as shown in the figure only the 
plane is at the place where the microwave 
interaction circuit exists in the M-type tube 
commonly used. In this tube, a square section 
cathode sleeve 1.25mm wide is used; the oxide 
coated part which emits electrons is limited 
to 10mm in length. By dividing the collector 
electrode into three parts, the transverse 
divergence and the tilt to the axis of mag- 
netic field can be checked. The electrodes 
are separated by narrow gaps so that the 


current flowing into them can be measured 
individually. 


VOLUME 9, NUMBERS 7-8, JULY-AUGUST, 1961 


Accelerator 


Upper plate 


515 


Collector 


c 90.0 


50.0 4 
.0—— < 39 
ae 7 5 
is be ode 
0.5 . | ite 


= 
Sole plate 
Wehnelt 
Cellector 
DES sue 
Wehnelt 730 
Upper 
30.0 Sole plate plate 15.0 
/ Fig. 27—Test tube design of 
Wehnelt TAO plane electrode gun. 
7 


Cathode 


The characteristics of the electron orbit in 
this electron gun have already been dwelt 
upon. The ripple amplitude of the electron 
orbit in the accelerating system is calculated 
to be 1.086 mm with the accelerating electrode 
potential 1500 V and the magnetic field of 
283 gauss for the electrode dimensions in 
Fig. 27. Compared with that of the hyper- 
bolic electrode gun, with the same cathode 
height, its calculated ripple is larger by only 
2%: 

When the potential difference is 1500V and 
the magnetic field is 283 gauss, the beam of 
potential 500 V is expected to take a hori- 
zontal linear orbit at the lower 1/3 point of 
the parallel plane electrodes gap, i.e. the orbit 
is 1.33 mm above the sole plate. 

In Fig. 28, is shown an example of elec- 
trode current curves obtained by measurement. 
In the measurement, the same potential was 
applied to the accelerator, the upper plate, the 
collector of the test tube; the current flowing 
into each electrode was measured. And a 
potential 0 was applied to the cathode, the 
wehnelt electrode, and the sole plate; each 
current was measured. 

Fig. 28 shows the variation of the current 
of each high-potential electrode caused when 
the magnetic field strength was changed. As 


expected naturally from the scaling law, even 
when other voltages were used, identical cur- 
rent variation curves were obtained. From the 
above-shown design values of voltage and 
magnet field, i.e. 1,500 V and 283 gauss re- 
spectively, the corresponding magnetic field 
at 500 V was calculated by the scaling law, 
and the results are written in the figure. As 
seen from it, even when the voltage was 
changed, very good beam transmission, i.e, 
above 97 %, was obtained in any case at the 
designed megnetic field strength. 

Perveance P=I//V,*”, i.e. (total beam cur- 
rent)/(beam voltage)?” is a factor which ex- 
presses the charactor of electron guns. The 
calculated values of perveance of this test tube 
are invariable even when the accelerating 
voltage varies, it is always 4.6X10°°. 

Little current flows through the sole plate 
or wehnelt electrodes. When negative voltage 
is applied to the wehnelt electrodes, the en- 
tire current decreases remarkably. But in 
the case of voltage which reduces current by 
half, i.e. a voltage below 10 V, no variation 
occurs in the beam current distribution. 

When the magnetic field strength is high 
and is about the design value shown in 
Fig. 28, each of electrode currents is out of 
the range of sudden change, i.e., in the stable 
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Fig. 28—Electrode currents in plane electrode gun v.s. magnetic field. 


range, and the collector current does not vary 
much even when the magnetic field changes. 
Thus the electron gun using this plane ac- 
celerating electrode has been found to serve 
well in practical use in place of the hyper- 
bolic electrode gun. 


9.2 Cylindrical Electron Gun 


The design of a test tube for the use of ex- 
periments on the cylindrical electrode gun is 
shown in Fig. 29. Except for the accelerating 
electrode, this test tube has nearly the same 
structure as the plane electrode gun test tube. 
The shape of the electron orbit obtained by 
calculation when the accelerating electrode 
voltage was 1,500 V and the magnetic field 
was 283 gauss is shown in Fig.12. In this 
figure, the orbit has the accelerating electrode 
radius A=15 mm. 

Fig.30 shows the measured electrode currents 
for to the various magnetic field strengths. 


Each electrode current was measured with the 
same potential on the accelerator, the upper 
plate, and the collectors. In the figure, the 
magnetic field strengths into which the design 
values 1,500 V and 283 gauss were changed 
by the scaling law against for voltage are 
written. For this magnetic field, the beam 
transmission amounts to about 100 %. 

For the cylindrical electrode gun used in 
this experiment, the cathode is so far from 
the accelerating electrode, and the accelerating 
field on the cathode surface is so weak, that 
the current is small. The perveance P=//V3? 
is as small as 0.7X107°. If the accelerating 
electrode radius of electron guns having this 
structure is reduced, the electric field stength 
has much smaller influence at the cathode 
surface. For this reason, the perveance de- 
creases so much that this electron gun with- 
out further inprovement is not very good for 
practical use. 


Therefore as already mentioned, it is neces- 
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Fig. 29—Test tube design of cylindrical electrode gun. 
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Fig. 30—Electrode currents in cylindrical electrode gun v.s. magnetic field. 
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sary to increase the emitted current by putting 
a positive accelerating electrode near the 
cathode. In spite of the defect mentioned 
above, the current transmission amounts nearly 
to 100% near the voltage and magnetic field 
design values. As expected from the orbit 
obtained by theoretical calculation, therefore, 
the rippleless injection is always realized. 
When a linear electron beam is necessary, 
this type of electron gun should be the most 
ideal. 


Accelerator 


Upper plate 


45 


: Ls 


Lower Wehnelt 


Upper plate 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 


9.3 Convergent Gun 


Test tubes using the convergent gun treated 
in the preceding section were made; one on 
the basis of the design of separated accelerator 
type shown in Fig. 22 and another on the 
basis of the equipotential accelerator type 
design shown in Fig. 24. Then whether the 
electron beam can be converged as expected 
and a good beam transmission can be obtained, 
and also how much current is obtainable were 
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experimentally investigated. In the actual 
design of the gun, the curved cathode was 
replaced by an arrangement of square cross 
section sleeves due to its simpler preparation. 
-Thus, the accelerating systems were con- 
structed as shown in Figs. 31 and 32. Both 
of the structures of the whole systems of test 
tubes are shown in Fig. 33. The oxide-coat- 
ed part of the cathode is 10mm wide, and 
the collector is separated into three parts so 
that the transverse spread of the beam can 
be confirmed. The design voltage and mag- 
netic field strength are as shown in Figs. 22 
and 24. But when measurement was actual- 
ly performed, the scaling law was applied to 
the several combinations of lower voltages. 
9.3.1. Separated Accelerator Type 

First, experimental results of the separated 

accelerator type convergent gun will be de- 
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Fig. 34—Test tube electrode voltages v.s. 
magnetic field. Solid lines show 
theoretical values. (Separated 
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scribed. In the case of this structure, high 


voltage must be applied to the separated ac- 
celerator electrode; therefore this type of tube 
is not preferable for practical use. For precti- 
cal usage, the improved equipotential acceler- 
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ator type is better, but for the purpose of 
examining the results of theoretical calcu- 
lations, this accelerator type is more suitable, 
because its electric field can be finely abjusted 
in by changing the electrode voltages. 

In Fig. 34 is shown the results of measure- 
ments which were made at each magnetic 
field strength by finely adjusting each elec- 
trode voltage so that the best beam trans- 
mission might be obtained. A stable perveance 
of approx. 7X10°° was obtained at every 
point. As shown in the figure, the theoreti- 
cal design values of the sole voltage and the 
upper plate voltage correspond well with the 
experimental values. 

The experimental values of accelerator 
voltage are somewhat lower than its theo- 
retical values, but the slope of the change 
agree quite well. It is probably because the 
voltage of this electrode is so high and gradi- 
ent of electric potential is so large that even 
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a small mechanical error has a great effect 
on the experimental values of voltage. 

In Fig.35 is shown an example of the 
variation of each electrode current caused by 
the change of the magnetic field when the 
electrode voltage was fixed after being ad- 
justed to give the maximum beam. trans- 
mission at a certain magnetic field strength. 
As shown in this figure, when the magnetic 
field strength becomes approximately the 
design value, the collector current rapidly 
increases. This measurement was carried out 
several times changing the voltage setting, 
and all the measured values have proved to 
correspond well to the properly scaled design 
values when the beam transmission is opti- 
mum. But in the case of large current, it 
has been found that out of the range of good 
beam transmission, the state of beam distribu- 
tion becomes unstable and the variation tends 
to be irreversible. This phenomenon seems 
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to be due to secondary emission, but at the 
same time it shows some relationship to the 
instablity caused when the space charge itself 
has high density. 

The wehnelt electrode voltage not only con- 
trols the total beam current but also influences 
the beam transmission as shown in Fig. 36. 
In this figure, the beam transmission becomes 
maximum at a certain value of wehnelt 
voltage. This can be explained as follows. 

For the theoretical electron orbit on which 
the design is based, space charge effect is 
ignored. But in actual tubes, the effect of 
space charge can never be neglected. So by 
giving negative potential to the wehnelt e- 
lectrode, the beam transmission is improved 
to neutralize the space charge effect and pre- 
vent the low-speed electrons near the cathode 
from diverging. 
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Fig. 36—Wehnelt voltage v.s. beam trans- 
mission and total current (Sepa- 
rated accelerator convergent gun). 


Finally, it was examined how far the 
voltages of each electrode can be changed 
from the design values without decrease of 
beam transmission, keeping the magnetic field 
at the same value. That is, at first the mag- 
netic field was fixed; the sole voltage was 
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gradually changed; and the upper plate 
voltage, the accelerator voltage, and the 
wehnelt voltage were adjusted so that the 
collector current would attain its maximum 
value. The results are shown in Fig. 37. As 
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Fig. 37—Electrode voltage relations to give 
maximum beam transmission at 
fixed magnetic field. Beam-trans- 
mission is also shown. (Separated 
accelerator convergent gun) 


shown, even when the sole voltage was 
changed upward or downward from the design 
value, good transmission, 1.e., around 80 %, 
could be maintained by adjusting upper plate 
voltage and accelerator voltage. The collector 
current in the range shown in the figure, was 
increased from 7.5mA to 15mA, while the 
wehnelt voltage was changed from —5 V to 
—10V. In the figure are drawn also the 
theoretical values of upper plate voltage and 
accelerator voltage which should be applied 
when the sole voltage, the magnetic field is 
intensified enough to the theoretical values 
which give maximum beam transmission. As 
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a result of comparison between the two 
voltages, it was clarified that when the voltage 
is changed with a fixed magnetic field, good 
beam transmission can be maintained if only 
the upper plate voltage and accelerator voltage 
are adjusted against the variation of sole 
voltage in order to minimize the change of 
the electric potential distribution in the ac- 
celerating space. In Fig. 37, the full lines 
showing the experimental values of voltage 
have slopes gentler than the broken lines 
showing the theoretical values obtained when 
the magnetic field is also changed. But this 
experiment is not enough to examine the 
linearity of the beam, i.e., the ripple ampli- 
tude, at the part were the voltage is very 
different from the design value. The purpose 
of this experiment was to find whether it is 
possible or not to make the small adjustment 
of beam velocity required in actual traveling 
wave tubes. As shown above, the possibility 
has been confirmed. 
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9.3.2. Equipotential Accelerator Type 


Subsequently will be treated the experimen- 
tal result of the equipotential accelerator 
type of tube designed as shown in Fig. 32. 
This type is thought valuable for practical 
use, because its accelerator needs no_ special 
high voltage. The accelerator and the inter- 
action electrode (i.e. upper plate) may be 
connected with each other, but in the test 
tube, they were insulated electrically for the 
purpose of measuring various characteristics 
such as beam current distribution. All the 
paris excepting the accelerator were con- 
structed just like the preceding one. In this 
structure, the electric field on the cathode 
surface is quite strong, and even when the 
wehnelt voltage is made negative, enough 
current can be obtained and the beam trans- 
mission does not drop. In this type, there- 
fore, higher wehnelt negative voltage is ap- 
plied than for the preceding type. 

Fig. 38 shows some current characteristics 
of each electrode against the magnetic field 


strength. Even improved designs whose ac- 
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Fig. 38—Electrode currents v.s. magnetic 
field (Equipotential accelerator 
convergent gun). 
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potentials give results identical to those ob- 
tained for the separated acclerator type. In 
this case, the beam transmission rises to about 
85 %, and the perveance becomes 8X 107°. 
Even when the measurement was made at 
different voltages, similar characteristics cor- 
responding well to the scaling law were ob- 
tained. Therefore, it has been ascertained 
that the improved equipotential accelerator 
type operates just as expected. 

In addition, another test was made to de- 
termine how much the perveance can be im- 
proved by fine adjustment of the electrode 
voltage. Perveances as high as 10x 10~° were 
obtained by raising the accelerator voltage 
about 20% higher than the upper plate 
voltage. 

This experiment was not for improving 
the characteristics of guns by using two 
groups of high voltages, but for examining 
the possibility of further improvement of this 
equipotential accelerator type by reforming 
the electrode position. 

Next, as in the case of the preceding test 
tube, it was examined how much the voltage 
can be changed without decreasing beam 
transmission when the magnetic field is kept 
a constant. Unlike the preceding type, this 
type has only one high potential electrode 
that affects the potential distribution of the 
accelerating space. Accordingly, the range of 
voltage variation without fall of beam trans- 
mission is smaller than for the preceding 
one. That is, as shown in Fig. 39, when the 
accelerator voltage and other voltages are 
changed, keeping the magnetic field constant, 
a variation of only 10 % causes a beam trans- 
mission fall of 10 %. As compared with the 
preceding tube in Fig. 37 whose voltage can 
be changed as much as 50% _ with little 
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Fig. 39—Electrode voltage relation to give 
maximum beam transmission at 
fixed magnetic field. Beam-trans- 
mission is also shown. (Equipo- 
tential accelerator convergent gun) 


variation of beam transmission, this type has 
much smaller allowable variation range. But 
this beam voltage adjustment range is con- 
sidered large enough for the fine adjustment 
of beam velocity required in amplifier tubes. 
In this structure, the magnetic field must be 
changed when the electron velocity must be 
changed much as in the case of the M-type 
backward oscillator. 

As a result of experiment on these two 
types of convergent gun test tubes, the fol- 
lowing has been clarified. 

The variation of potential distribution caused 
by connecting a parallel plane electrode after 
the focus of the eccentric cylinder converging 
system tends to make the electron beam orbit 
more horizontal. According to further inquiry, 
it has come to light that the electron orbit 


524 


can be corrected by increasing the negative 
voltage applied to the wehnelt electrode, so 
that the convergent injection become possible 
over a fairly wide range of accelerating volt- 
age. Though, on the injection into inter- 
action space, no direct study by the computer 
has been made. However, by these experi- 
ments, it is confirmed that the beam conver- 
gence has not been lost, but rather promoted 
by this injection. 

The experiments mentioned above have 
proved that the M-type convergent electron 
gun, which was designed on the basis of the 
electron orbit theoretically obtained, has good 
characteristics for practical use. That is, the 
immersed: M-type electron gun has proved to 
be realizable experimentally as well as theoret- 
ically. 

For studying the characteristics of electron 
guns, or for use at a fixed magnetic field, 
but with voltage varied over wide range, the 
separated accelerator type (Figs. 22 and 31) 
is the most suitable, because of its widely 
variable electrode voltage. But for application 
to tubes in practical use, the equipotential 
accelerator type (Figs. 24 and 32), which re- 
quires no special high voltage, is superior. 

In each type, even in the test tubes, a 
perveance 8X10~° or so was obtained with 
ease, and perveances as high as 10 X 107° could 
be obtained by careful adjustment. Raising 
the accuracy of construction should result in 
further improvement. Thus, they will become 
suitable electron guns of great utility for high- 
power M-type tubes. 


10. Conclusion 


As a result of researches on electron orbits 
with the help of electronic computer, the 
new designs described above have been ob- 
tained. 

To begin with, the electron orbits of the 
M-type tube electron gun with a plane elec- 
trode or cylindrical electrode were calculaed, 
and this type of gun has proved to be not 
inferior to the hyperbolic electrode gun usually 
used. Therefore, difficult to make hyperbolic 
electrode has become unneccessary, because 
electron guns constructed with a plane elec- 
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trode or the easy to fabricate cylindrical elec 
trode is not inferior. 

In the case of plane electrode system, too, 
the ripple amplitude has been obtained as a 
result of calculation of the orbit, and this 
makes its design easier. Thus, the plane elec- 
trode gun can be designed with ease. 

As a developed cylindrical electrode gun, 
an electron accelerating system with two 
cylindrical electrodes was studied. It has been 
clarified that an immersed convergent electron 
gun is obtainable if two cylinders, one large 
and one small, are eccentrically arranged. 

In this new design, it is noteworthy from 
the view-point of its practical use that the 
effective converging characteristic can be 
realized by using a simple, easy to fabricate 
cylindrical surface without using any special 
curve. 

On the basis of these researches, test tubes 
were made—some including a plane electrode 
gun, some including a cylindrical electrode 
gun, and the others including a convergent 
gun—and experiments were carried out on 
them. Each new type of electron gun has 
proved to give satisfactory operation as_ the- 
oretically expected. 

These new M-type electron guns are ex- 
pected to be applied effectively to M-type 
electron tubes which will be developed in 
future. 

The auther owes much to the MUSASINO- 
1 parametron electronic computer used in 
making this study. Many thanks are due to 
the members of the Electronic Computer 
Section for their kind and cordial cooperation 
in making programs and carrying out calcu- 
lations. 

He is grateful also to the members of the 
electron tube factory in the Electrical Com- 
munication Laboratory who helped him make 
the test tubes. 
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Inclusive Telegraphist’s Equations for 


Waveguides 


Shin-ichi IIGUCHI* 


g j j li inates are converted 
First, Maxwell’s equations expressed in orthogonal curvilinear coord. 


into convenient forms for the calculation of waveguide problems. 


The transverse fields 


in the cross section of nonuniform and curved waveguide are expanded into @ 2 of 
normal mode functions of a uniform and straight waveguide whose cross section is the 
same as that of the waveguide to be analyzed. After multiplying the Maxwell's equations 
by the normal mode function, the equations are integrated over the a section; and 
changing forms by boundary conditions on the wall surface, and substituting the above- 
mentioned series into the equations, telegraphist’s equations for the waveguide are obtained. 

These results contain almost all the telegraphist’s equations for waveguides which have 


been reported up to date. 


Introduction 


Since the publication of Schelkunoff’s gener- 
alized telegraphist’s equations for waveguides 
in 1952, several papers which extended 
Schelkunoff’s idea have been published. 

They described the problems of curved cir- 
cular waveguide, curved circular waveguide 
containing an inhomogeneous dielectric, non- 
uniform waveguide, tapered waveguide, and 
curved helix waveguide. 

In these papers, telegraphist’s equations 
have been derived individually from Maxwell’s 
equations. In the present paper, the author 
derives the inclusive telegraphist’s equations 
for curved and nonuniform waveguide con- 
taining a slightly inhomogeneous and_aniso- 
tropic medium. These results should be ap- 
plicable to many cases. 


* MS in English received by the Electrical Communi- 
cation Laboratory, March 7, 1961. Originally publish- 
ed in the J. Inst. Electr. Commun. Eng. Jap. Vol. 44, 
No. 6, pp. 955-963, 1961. 

Hyper-frequency Research Section. 
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Glossary of Symbols: 


E,, H:: Electric and magnetic fields on a 
cross section of waveguide (two 
dimensional vector) 
Electric and magnetic fields per- 
pendicular to a cross section of 
waveguide (one dimensional vector) 
n: Unit vector perpendicular to the 
periphery of a cross section 
ao : Unit vector tangential to the pe- 
riphery of a cross section 
k : Unit vector perpendicular to a 
cross section 
x,y,z: Orthogonal curvilinear coordinate 
system as shown in Fig.1 (not 
cartesian coordinates) 


E., H:: 


i ee ee Ee, 
é=1+hz,=1 Res 
Metrical coefficient of z 
V : gradient Operator tranverse to zg 
axis 
€n, hn: electric and magnetic mode func- 
tions, respectively 
(”), [”]: subscripts of TM and TE modes, 
respectively 
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V,, I,: amplitudes of transverse electric 
and magnetic fields of the n-mode 
Z, : wall surface impedance in circum- 
ferential direction 
Z, : wall surface impedance in gener- 
ating line direction 
: electric permittivity 
Gegsc constant scalar 
e-++---variable in x and y 


1. Coordinate System and Maxwell’s 
Equations 


In the orthogonal curvilinear coordinate, x, 
y, z which are shown in Fig.1, Maxwell’s 
equations for a field with time dependence 
e/** may be written in the following form: 


| eB) — Ey | =—joB. 
| 5p EN 5, Ed} =—joB. 

ae gy CO) 5g Ho} =e 

a tae TE) jy HD }=IoDy ) . @) 
{5 hy) ze a HH») =joD: 


From (1) the following formulas can be ob- 
tained: 


aE 
Vx E, + Vx (eB) ai agaes = —joB 
3 3 0z 
(3) 
OE, 
eV XE, + VX (e3E) + Sear = —joesB. 
(4) 


From (2) the following formulas can be ob- 
tained: 


527 
1 
VX; + —Vx (eH) + Ts gebs = joD 
é3 63 0z 
©) 
a) 
eV X A, + Vx (é3H,) + kx oe -- JwesD. 
(6) 


The two-dimentional vector fields E, and M: 
on the transverse cross sections of the wave- 
guide shown in Fig.1 may be expanded in 
the mean into the following forms by the 
use of the complete sets of normal mode 
functions, e, and hy, respectively: 


E,= Dy Vomecy + a Vin€[n]= pa Vn€n @) 
(1) [n] n 
H,= pm Tony hon + 2 ItniAtn= Li Inf. (8) 


And, the one dimensional scalar fields F, and 
H, in the z direction in the guide shown in 
Fig. 1 may be expanded in the mean into 
the following forms by the use of the com- 
plete sets Ti) and Ty»), respectively: 


i 2 Fon) Ta (9) 
fik= 2 Gini War (10) 
VT a +*iny Tom) = 0 
Gly) 
T ny lc =0 
VT tn ttn? T tn] =0 
(12) 
OT ene =0 
€c), = grad 1G ) 
(13) 
Acgy= —flux Ta j 
€tn] = flux Piet 
(14) 
h(n] = grad Tn} ) 
kXen = hn 
(15) 
hixk = en. 
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Fig. 1—Orthogonal curvilinear coordinate system. 


( OK; 
| ecw Vx (eB dds + |\deonsed a dS 


= jo | €3Bhony dS. 


/ 6 The first term of the left-hand side of the 
/ above equation is 


\\vceum. <Aom |dS + \\eun-v XRhamydS 
Fig. 2—Unit vectors on wall surface. 


== [é,H. X hon |nda 


2. Derivation of the Telegraphist’s ‘ 
Equation Sis | eum =kX a Lea aS 


2.1. Derivation of dV..)/dz 


Cs 


esMemy+ [WX B.\do—Len*\ \ ey: Tem AS 
Multiplying (4) by Aen and integrating 
over the cross section, we obtain: 


oy va 3 tan 9€n€cmyda 
nw 


oO 
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+» In| é3 Sec YZ, hnhcmydo — Fm) 
7 


o 


at Gi 2 Feo || Ton Ponds: 
(See Appendix (A-7)) 


The second term of the left-hand side of the 
above equation is 


V\iexensehx oe dS 
0z 


OF, 
= eee 


AV my en 
dz =F X All dz Erm dS. 


From these results, we can obtain: 


Vm ( 0en 
dz .: x va\\ dz ecm dS 


sF Ss v.| e; tan GEn€cmy Ao 
+ ye 1,\ €3 SEC IZ ghrNomda 


a Fomy —Yomy? » Fe | Vs To Pema 


(general) 


ae 7 


II 


—jo > In\ | pededtomaS (isotropic ) 


—jopl my jor 2, 1, \haleatew AS. 
(isotropic & homogeneous) 


(16) 


2.2. Derivation of dI¢m)/dz 


Multiplying (6) by ecm and integrating over 
the cross section, we obtain: 
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OH, 


Oz a 


Jew “VX (@;H,)dS 5 \Jec “kx 


= jw |eDreonds 


The first term of the left-hand side of the 
above equation is 


[\¥ceuth xeom)as + [eth VxeomdS 
= |LesH.xecm]-ndo 


= [esteem xn|do == ()) 


The second term of the left-hand side of the 
above equation is 


(ee cee as 
0z 


= aN honydS 
Oz 


Pay dln 
= oils eal Ft hemdS. 


From these results, we can obtain: 


dDems r (( hn 
— oP oS ” in Ae Nim dS 


= jo \eDeeond (general) 


= fo >, Vi fevcerecmdS (isotropic) 
nn 


= meV omy + Je ye Va) \FvereemdS. 
Ciso. & homo.) 


7) 


2.3. Derivation of the Equation Con- 
taining I¢m) and Fm) 


Multiplying (5) by kTim and integrating 


O 
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over the cross section, we obtain: 


[lero -V x Mi, = jo|\D-PeamdS 
The left-hand side of the above equation is 


|| vcat xT as + || HV xkTomd 
ad Ail kT om xnjdo = || He-homas 


= \ Hi faT om |do—IL cm) = —T em). 


From these results, we obtain: 


—TLeny == jo\|. Mensa: (general) 


= jw yy Fen) \ Teo Toma 
(nm) 
(isotropic) 


JWe 
= ——_— Fm. 


=— (iso. & homo.) 
1 cars 


(18) 
2.4. Derivation of dV,,,;/dz 


Multiplying (4) by hy) and integrating over 
the cross section, we obtain: 


| dena x (@;E.)dS + | omar x 3P* as 


= io [ests a h(mjdS. 


The first term of the left-hand side of the 
above equation is 


\\v- [é3E, x htm} “dS + lem x htmjdS 
mae | Les. X htm] -ndo-+0 


— | e3htm] “nx E.do 
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= ys v,| 3 tan 9€n+ €[mido 
n o 


+) al 3 sec IZ,hnhemido. 
(See. Appendix (A-7)) 


The second term of the left-hand side of the 
above equation is 


OF, 
| \e<etma-k x aol dS 


lI 


OE. 
Ne ; etm)adS 


_ AV tm). 9en 


From these results, we can obtain: 


aVim) 


0€n 
=e 3= x v.\\ Ae €tm]adS 


+ os a é3 tan 9€n* €fmjdo 


n 


+» 1,\ é3 sec IZ,h, him do 


n 


\ 


a ju\ | 3 Bee Rem dS (general) 


= —-jw dy In| \eahadronsd (isotropic) 


| 


= —jopl(mj—jou 1s{ | sestemad 
(iso. & homo.) 
Clg; 


2.5. Derivation of dJpj)/dz 


Multiplying (6) by e;,,.) and integrating over 
the cross section, we obtain: 


WJecm-¥ x Cet dS + [ecneh x 2 
z 


= jo| €3Di° et mjdS. 
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The first term of the left-hand side of the 


above equation is 


\\v. (e;H, Xetmi|dS =i \\eu-v X €fmiadS 
= | [e3H; X €tmj|-ndo + | ef -tetena? Tomas 
— €3H,+[ €[m] xn]|do 4 oma\ \eoF- Temas 


a 0+ Gtmj+% tm? IS Gon \s Ton TUmidS. 
n 


The second term of the left-hand side of the 
above equation is 


OH, 
ee [etm] xk]dS 


. OA, 
- \\ FF dS 


I 


Am) Ahn 
= Eee. De 1.\\ Ae hemdS. 


| 


From these results, we obtain: 


gest x 1,\\ ae htmjdS 
ar Gtmj+%tm?? Py Gt] [| 4sTom Tomas 


= jo \eD. *e€tmjdS (general) 


== 1) Va) \cerenetmas (isotropic) 


n 


= joeVimi+joe Dy Val \iuenetmd. 
(so. & homo.) 
(20) 


2.6. Derivation of the Equation Con- 
taining Vi.) and Gp» 


Muitiplying (3) by kT,» ] and integrating 
over the cross section, we obtain: 
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\\e7im-¥ Bids = = jo| | Bek TimaS. 
The left-hand side of above equation is 
\\v- (Ei x kT tmjJdS + | 8-0 xkTimas 
= | (Bex kT] endo o | #,-fux Teds 
= | &TimaLn x Belo l= \\#i-ecmas 


= 3 Gn| sec 3 Z,T(njT (mde + Vim}. 
(See Appendix (A-11, 12)) 


From this result, we obtain: 


Vimi+ 4 Grn| sec 3 Z,T [nj] Ttmjda 
a ~ jo\ | B-Tomds (general) 


= —jw ue Gen |e TonTemdS Csotropic) 


SIGE 
3 Lim Cm. 


iso. & homo.) 


(21) 


3. Arrangement of the Telegraphist’s 
Equations 


We shall now derive the first order appro- 
ximations to the generalized telegraphist’s 
equations from (16)~(21), under the follow- 
ing assumptions 


#2 = constant scalar, 
« = slightly variable scalar = ¢,+¢ 


where e, is constant and « is variable in x 
and y. 
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dV) _ = Zen lon ZGayeuiniee a ’ToaVa— 2” Tom] Vin] 
dz (<n) {n] (m) [x] 
om — 3) YonynyVeny— 2 Yorn Vind — os ’Tomynloany— 2 *Tontnltn 
J n 
: “ (22) 
Wim) _ AC le ie LimiGniG@a = os ’Temitn1Vini— 2” Temi) Ven) 
dz [n] () [n] (n) 
al ase 
as ay 2 Ytmi(n] Vinj— Ps Yimin) Von al de Z TemitnUtnl » Timinylcn) 
where 
Bom)? » Xen" Xemy? ny” 
ZomXn) = — ae O¢myn) + Lm) joer hs Tony Tomy dS — joen eT cay T my dS 
jor |IshonhomdS +| e see IZ,honhonda 
Ae yen) = joy) |haktohomndS +| é3 sec YZ ,Apnjhonyda ( (23) 
; * 0€(n) 
Tomyn) = - ComdS + \ €3 tan JecnyeGnyda 
y _ (( etn 

Tond{n] = op €cmdS + \ e3 tan Yetnje¢mdo 

Yomdn) = JOEnOEmn) + joes | \iseoneomdS + jo| | eonecndS 

Yon)tn] = joes | seemeomdS + jo) | sermeemdS ( (24) 

On) Oh 
*T om)n) = \\ = ae homydS, t ea = \\ od Rom dS. ; 
Zemin] 7 JOLT mn) + iu | rtenhomdS + | €3 SEC IZ htt mde 
Zim\n) = ion) \isbenhondS +) €3 SC YZ, heyy ht mda 
der (25) 
T(x] = \\ ig etmaS+-| é; tan Pel ni€[m)do 


0€(n) 
’ Timi) = \\ ae einads+| é; tan Jenye€tmjida 
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Bim? 


Vomitn] So om jou 


S Remit? Mea 
6) ——___—_ — = 
tmz Jou jor 


oT 


=e jiven| | hsermermodS + jo| \sermetmadS 


KipiGe, = joen| | huecnermds ae jo\ | secmetmadS 


( oh n 
*TimIn] = eas 


where 


Bony = wo Len —Xon)”, Bom? == WHE), — Kem}. 


(i) Eg. (21) can be realized, even though 7? 
is large, when both Z, and Z, are small; 
and (21) can be realized, even though 
Z, is large, when both @ and Z, are 
small. 

Eq. (22)~(26) can be realized only if all 
the terms containing <®, ch3, Z,2, and Z,h, 
are small. Therefore both ¢ and Z, must 
be small at first. When both « and Z, 
are very small, h; may be large. 

From the descriptions (i) and (ii), we 
can state that ’ and h3 may be large 
when all Z,, Z,, and <« are small enough. 


(ii) 


(iii) 


4, Practical Examples 


Many telegraphist’s equations of practical 
value can be derived from (22)~(26) {or 
(16)~(21)}. In this section, several practical 
examples will be shown in tabular form. 

The telegraphist’s equations shown 
examples of I ~IV following can be obtain- 
ed very easily from (22) {or (16)~(21)} by 
substituting the indicated values of the various 
symbols in Table 1 for the corresponding 
symbols in (23)~(26) {or (16)~(21)}: 


in 


I. Curved waveguide with perfectly 
conducting wall 


I .1. Curved waveguide containing an 
inhomogeneous dielectric. 
1.2. Curved waveguide containing a 


homogeneous dielectric. 


II 


Aa) 
sec 9 Lig Thee Tigao == iene |i Weg TtmidS 


JOU 


Ohcn 
7 Timlin) = [| Go temas. 


(26) 


I[.1. Nonuniform (but straight) guide 


with perfectly conducting wall. 


Il.2. Circular TE), waveguide taper. 

Il. Waveguide with imperfectly con- 
ducting wall 

Il.1. Curved helix waveguide 

W.2. Straight waveguide with imper- 

fectly conducting wall. 

IV. Straight waveguide containing 
anisotropic or inhomogeneous 
medium (perfectly conducting 
wall) 

Table I. 

hs | 2 @ | Zy | Zo [)etemds oe ae 
ipa | OO 0 o (3), p. 1218 
1.2 OO) Omln0 0 | (2), p. 180 
Tt) On) oO ND. 20 (4), p. 55 
1.2210 | © | 0 | 0 Lyipa. out 
ils J 0 O | Ah © 0 (6), p. 1606 
IM. 2 0 @ } 0) 0 

= = |- = — 

Wv 0 Ob O 1} 0 0 (1), p. 790 


] .1~I1.2 can be obtained from (22)~(26), 
and IV from (16)~(21). 


(1) 
(2) 


Ie2cis: included in ~].-1. 
Il.2 is included in JJ.1. 
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Conclusion 


The author derived the general telegra- 
phist’s equations which may be inclusively 
applied to curved and nonuniform waveguides 
containing slightly inhomogeneous and ani- 
sotropic mediums. These results are applicable 
to many waveguide problems. 
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Appendix 


Boundary Conditions on the Waveguide 
Wall 


Fig. 3—Waveguide cross section and unit 
vectors On wall surface. 


§1. Boundary condition due to impedance 
Z, in the generating line direction 
(g-direction) on wall surface 


E, 
Ly == Ber | (A-1) 
EH, = E,cos 9+E,, sin § ) 
(A-2) 
/8L, = Va bn j 


where Ein=nk,, A,.=o0H;. 


Substituting (A-2) into (A-1), we obtain 
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jay. ae tan Ge Een —ASCG IZ, t. (A-3) 
nXE,=nx(kE, = —oE,. (A-4) 
From (A-3, 4), we obtain 


nx E, =nxXk(—tan 9+ Ein) +a sec 9Z, Ht. 


(A-5) 
And from (A-5), we obtain 
| ean [nx E:]do 
= | eons x (tan 9+ Ein) \do 
ue | eohinra eho 92 Feds. (A-6) 


The first term of the above formula is 


== | é3(k Xem]-(nXk(tan 9: Ein) |do 
= | é3 [tan 9+ E,,(m-em) |da 


= \ €3 tan 9: E+ emdo 


II 


My v,| é; tan 9-en-e€ndo. 
n o 


The second term of the above formula is 


\e sec 9Z,H,-hnda 
= x In| es sec YZ,hn+hndo. 
Therefore 
| eatn -[nx E,|do 


= Ye a 3 tan Jen *€mda 


o 


ai i i, €3 Sec OZ,hn+ hyde. CAST) 
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§2. Boundary condition due to impedance 
Z, in the circumferential direction (¢- 
direction) on the wall surface: 


18, 
Zo 
A, 
sae = Et. Ss 


H, = H, cos 9+H i» sin 9 


(i) The case in which both Z, and Z, are 
small: 


H, = H.cos 9+H, tan 9-sin 3 = H, sec 9. 


(A-9) 
Here we use the relation H,,=H,tan 9 which 
is the boundary condition on the perfectly 
conducting surface. We may use this relation 
when the surface impedance is small. 
From (A-8; 9), we obtain 
E;, = sec 9Z,H,. (A-10) 


Therefore 
| #Tom [nx E,]do 
i | Tim KE 
ds | BeTonade 


= sec 9Z,HzT [mda (Use(A-10) } 


=k) Gon sec 9Z, TtnjT (mide. (A-11) 
[2] a 


(ii) The case in which both @ and Z, are 
small (Z, may be large): 


Eve = Zag = Za cos O+ Ain sin 2) 
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Neglecting second order quantities of Z, and 
0, we obtain 


Eta — Lille. 


Therefore 


| kTtmj: [nx Ey, |do = Pm Gon Lgl tua Ede. 
(A-12) 


(A-11) differs from (A-12) by sec’. When 
? is small, sec?=1. Therefore, let us describe 


| sec 9Z,TtnjTtmjdo for the integrals in both 
(A-11) and (A-12). 
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Journals by the Members of the Laboratory 


Papers Published in Other Publications of the Electrical Communication Laboratory 
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Study of Cadmium Telluride Single Crystals 
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Kenkyfi Zituy6ka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 5, pp. 895-924, May, 1961 


Single crystal CdTe produced by the zone refining method is discussed. The methods of production, electrical 
and optical experiments, and the characteristics of diodes are described. 


U.D.C. 537.533.3:621.385.65.001.2 


A Study of M-type Electron Guns 
Tomoyuki UNOTORO 
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Growth of films of cesium antimonide on antimony was studied. It is shown that the relation between the 
thickness of the layer 2, and time ¢, is given by r=k log (t/c+1) zx. 


U.D.C. 541.124:546.36’86 : 533.15 : 546.6 


Partial Pressure of Cesium over Cesium Antimonides 


Kiyosi MIYAKE 
Kerkya Zituyéka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 6, pp. 1225-1232, June, 1961 


The partial pressure Coes over cesium antimonides was measured at various temperatures ranging from 
room temperature to 180°C. The pressure can be represented by the equation, log p= A-B/T. 


Translations of many of these papers will appear in a future addition of 
cation Laboratory. 


Please address request for copies of these ic i 
papers, which are in Japanese, directly to th whom 
4 ES) , e auth - 
ited at: The Electrical Communication Laboratory, 1551 Kitizyézi, Musasino-si Tokyo acer 
> “ol, . 
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Ken'ichi SAWAMOTO, Masako YATANI 


Kenkyai Zituy6ka Héokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 6, pp. 1207-1216, June, 1961 


Dielectric properties of BaTiO; single crystals were studied experimentally by the perturbation method. The 


dependencies of dielectric constants on temperature, dc bias microwave field strength, and microwave power were 
investigated. 


U.D.C. 547.298 : 546.824.36’431 : 537.226 


Ferroelectric Polarization Reversal by Linear Field 
Hiroyuki SHIBATA, Hiroo TOYODA, and Shigeru WAKU 
Kenkya Zituydka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 6, pp. 1197-1205, June, 1961 


Ferroelectric polarization reversal of triglycine sulfate and barium titanate was studied by the application of a 
linear field. The coercive field depends on dE/dt of the field. Phenomenological considerations on the polarization 
reversal are presented. 


U.D.C. 548.5'547.298 : 537.226 


Growth and Electrical Properties of Ferroelectric Glycine Sulfate Single Crystals 

Hiroo TOYODA, Yoichi TANAKA, and Wataru SHIOKAWA 

Kenkya Zituy6ka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 6, pp. 1181-1195, June, 1961 
Crystal habit, electrical conductivity, and dielectric constant of ferroelectric glycine sulfate, particularly in connection 


with crystal imperfections, are investigated. 


U.D.C. 620.18 : 546.28 : 548.55 

Residual Strain in Germanium and Silicon Single Crystals 

Kazumasa ONO, Osamu MIKAMI, and Joiti SUZUKI 

Kenkya Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 5, pp. 925-942, May, 1961 
The distribution of residual strain generated-in germanium and silicon single crystals by cutting and grinding 

was determined by the electron diffraction method. 

OP) Cr 62103115:661624.97 51922 

Inclination of Pole with Constant Horizontal Load. 

Nobuo MURAI 

Kenkyt Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 6, pp. 1139-1147, June, 1961 


The relationship between time and angle of inclination of a pole with a constant horizontal load is described. 


U.D.C. 621.316.722-526 : 621.318.43.001.2 :621.311.6 

Optimum Design of Reactor Servo System 

Shinichi SONODA 

Kenkya Zituydka Hokoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 6, pp 1111-1138, June, 1961 


Problems of economical and quick response method for designing reactor-type voltage regulators are described. 
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Input Admittance Meter for Electron Tubes 


Tak KOJIMA, Hirosi HARA 
Kenkya Zituydka Hokoku (Electr. Comm. Labor. Techn. Jour.), NIT, 10, 5, pp. 969-979, May, 1961 


ectron tubes at 70 Mc was developed. In this meter a resonant circuit with a 


An input admittance meter for el 
detected by the zero phase angle of the current. 


variable capacitor is used, and resonance 1s 


U.D.C. 621.317.755 :621.374.3 : 681.142 : 621.318. 1 


Display Device for Parametron Signals 
Koshir6 HANAWA, Kikunobu KUSUNOKI 
Kenkya ZituyOka Hokoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 5, pp. 959-968, May, 1961 


All information in the core matrix can be simultaneously displayed on a cathode-ray tube in the same arrangement 


as in the matrix. 


U.D.C. 621.318.57 :621.382.2:621.314.63 


Compound pnpnp Switches. 
Kingo YAMAGISHI 
Kenkya Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 6, pp. 1173-1180, June, 1961 


The fundamental characteristics of a compound pnpnp diode and its variations which are made by combination 
of one npn transistor and two pnp transistors are examined from the viewpoints of bidirectional and bistable elec- 
tronic switches. 


U.D.C. 621.382.333.33.029.6.002.2 : 546.289 


Fabrication Techniques for a High-Frequency Diffused-Base Germanium Transistor 
Minoru KOBAYASHI 
Kenkya Zituydka Hokoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 6, pp. 1043-1057, June, 1961 


Techniques for fabricating a diffused-base transistor are described. 


U.D.C. 621.382.333.33.029.6: 546.289 :621.317.616 


Equivalent Circuits and Four Terminal Parameters of High-Fre T 3 
Setichi KAWAGUCHI and Minoru HIRAI g quency Transistors. 


Kenkya Zituyéka Hokoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 6, pp. 1015-1041, June, 1961 


Equivalent circuits and 4-terminal parameters of hi 


J gh-frequency transistors, an 
eratdacedihed. y d measurement of these parameters, 


U.D.C. 621.382.333.33.029.6.002.2 : 546.289 :532.72 


Impurity diffusion in va f igh- ads : : 
ee ee cuum for a high-frequency diffused-base germanium transistor 


Kenkya Zituy6ka Hékoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 6, pp. 1059-1078, June, 1961 


Surface treatment of germanium with a newl 
wly developed etchant, CPD-2 i 
are described for the diffusion of antimony into germanium. sand Control: of the’ surleee ama 
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U.D.C. 621.382.333.33.029.6.001.2 : 546.289 


The Design of a High-Frequency Diffused-Base Germanium Transistor 
Makoto WATANABE 


Kenkya Zituy6ka Hékoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 6, pp. 999-1014, June, 1961 


The design and characteristics of a diffused-base high-frequency germaniun transistor are described. 


UDC. 621.383.2.032.217.2 :537-312.5 535.215 


Operation of Cs-Sb Phototubes at under High Light Levels 
Kiyoshi MIYAKE 
Kekya Zituydka Hokoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 6, pp. 1217-1224, June, 1961 


The fatigue phenomena of vacuum and gas-filled Cs-Sb photocathodes was studied. It was observed that photo- 
cathodes can be operated without fatigue at very high photocurrent densities. 


U.D.C. 621.385.032.216 : 548.74 : 537.58 


Study on Oxide Coated Cathodes by Electron Microscope 
Shoichi HIROTA, Tetuji IMAI 
Kenkya Zituy6ka Hékoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 5, pp. 771-801, May, 1961 


Electron Microscopic observations on oxide coated cathodes were made using the special replica method. Crystal 
growth during the decomposition process, relationship between crystal size and cathode emission, etc. were studied. 


U.D.C. 621.391 :621.394.1 : 621.391.883 : 621.395.5 


Binary Data Transmission on Telephone Circuits 
Tosi MINAMI, Hiroshi SUNAGAWA, and Shun'itsu HAMAO 
Kenkyti Zituy6ka Hékoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 5, pp. 803-850, May, 1961 


Theoretical and experimental research for high speed (1000~2000 bauds) binary data transmission by use of the 
Amplitude Modulation Double Side Band System is described. 


U.D.C. 621.394.1: 621.391.883 : 621.317.799.087.6 


Circuit Interruption and Circuit Interruption Measuring Set 
Tosi MINAMI, Masamichi ONO 
Kenkya Zituydka Hékoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 5, pp. 851-865, May, 1961 


Analysis of telephone circuit interruption in cable and radio systems measured by the newly developed interrup- 
tion measuring set, which consists of a magnetic tape recorder and delay circuit, is described. 


U.D.C. 621.395.36 : 621.395.123 .621.395.34 


Automatic Number Identification System in Step-by-Step Local Offices 
Toshii KATO, Minoru AKIMOTO, Yoshiki ONISHI, and Yoshio ARIIZUMI 
Kenkyt Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Jour.). NTT, 10, 5, pp. 943-958, May, 1961 


An automatic number identification system in a step-by-step office is discussed. Also, fundamental data of trans- 
mission characteristics of identification signals, dial impulses, etc. tested in the laboratory and field by a newly 


developed apparatus are described. 


0 REVIEW OF THE ELECTRICAL COMMUNICATION LABGRATORY 
54 


U.D.C. 621.395.44:621.395.51 : 621.391.827.2 


Additive Features of Crosstalk in Non-loaded Carrier-cable Systems 


Akiyoshi TSUKAMOTO 
es ZituyOka Hokoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10; 6, pp. 1079, June, 1961 


The relationships between circuit length and signal-to-far-end crosstalk ratio, and between circuit length and far- 


end crosstalk noise are described. 


U.D.C. 621.395.623.012.8 : 537.228 : 534.321.9 


Equivalent Circuit of Piezoelectric Transducer 
Kazuo HUSIMI, Keisuke KATAOKA 
Kenkyti ZituyOka Hokoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 6, pp. 1163-1171, June, 1961 


A more formally well arranged the six-terminal impedance matrix and equivalent circuit than conventional one 
derived by Mason and Roth is proposed for the analysis of piezoelectric transducers. 


U.D.C. 658.562 :519.24 


Dynamic Programming for Double Sampling Inspection 
Gen-icht TAGUCHI 
Kenkya Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 5, pp. 981-985, May, 1961 


Dynamic programming theory for double sampling inspenction when the 2nd sample size is determined according 
to the results of the lst sample is described. 


U.D.C. 678.7.02: 66.095.2.097 : 547.244 


Vinyl-polymerization with Organoboron Catalysts 
Nobuyuki ASHIKARI 


Kenkyfi Zituydka Hokoku (Electr. Comm. Labor. Techn Jour.), NTT, 10, 5, pp. 867-894, May, 1961 


Many organoboron compounds are effective initiators for various vinyl-polymerizations. The compounds act as 
free radical catalysts. Simple kinetic studies and stereoregular polymerizations on some monomers are described. 


U.D.C.  681.177.7: 621.374] : 003.24 


An Electronic Systems for Translating Japanese Braille 
Zen'iti KIYASU, Sigeru SEKIGUTI 


Kenkya Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Jour.), NTT, 10, 6, pp. 1149-1161, June, 1961 


Details of the experimental apparatus and translation 


process are described. This system u: i i 
Roman letters, an electronic trans] neee 8 ea 


ator, and a new type of braille printer. 


22 2S[—-—_—— | 
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Papers Published in Publications of Scientific and Technical Societies 


WDC. 537.311.33.537.222 


Llewellyn-Peterson Equation in Semiconductor Space Charge Region 


Hisanori YOSHIMURA 
Jour. Inst. Electr. Engineers, Japan. 44, 5, pp. 830-837, May, 1961 


Motions of carriers in semiconductor space charge regions are discussed, and analogy between vacuum tubes is 
derived. 


ATIC 5321142539379 


Contact Resistance of Contacts having Surface Layer 
Takuya TANII, Kozo TOMA 
Jour. Inst. Electr. Engineers, Japan. 44, 6, pp. 822-830, May, 1961 


The influences of surface layer to contact resistance of contacts have been investigated theoretically and ex- 
perimentally. 


U.D.C. 621.318.56 :534.1 


Contact Chatter of Relay-Springs 
Guti ITO, Masao TAKAMURA, Yuiti SIMIZU, and Yuji OTUKA 
Jour. Inst Electr. Engineers, Japan. 44, 6, pp. 973-979, June, 1961 


The design of chatterless relays and methods of improving of contact spring of chatterless relays are described. 


WDC. 621.372.81 


On the Action of Dipole in Waveguide Circuits. 
Shoji TSUCHIYA 
Jour. Inst. Electr. Engineers, Japan. 44, 6, pp. 963-973, June, 1961 


The new principle on waveguide networks, called “Actions of phase rotation and phase constancy”, and the two 
novel devices, called a reflection type phase shifter and a phase directional coupler are discussed. 


U.D.C. -621.372.81:09 


New Generalized Telegraphist’s Equations for Waveguides. 
Shinichi ITGUCHI 
Jour. Inst Electr. Engineers, Japan. 44, 6, pp. 955-963, June, 1961 


The author derives the inclusive telegraphist’s equations for the curved and nonuniform waveguide containing a 
slight inhomogeneous and anisotropic medium. These results contain almost all the telegraphist’s equations for 
waveguides which have been reported up to date. 
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U.D.C. 621.382.233 


Three Terminal Esaki-Diodes (Control Method of Esaki-Diodes) 


Toshiya HAYASHI, Yoshio SUNOHARA 
Jour. Inst. Electr. Engineers, Japan. 44, 5, pp. 806-810, May, 1961 


New control methods of Esaki-Diodes having three terminals are proposed and their applications in a bistable 


switching are described. 


U.D.C. 621.383.323 :621.3.011.22 


The Field Effect Transistor as a Negative Resistance Device. 
Tatsuya NIIMI, Toshiya HAYASHI, and Yoshio SUNOHARA 
Jour. Inst. Electr. Engineers, Japan. 44, 5, pp. 811-815, May, 1961 


The structure, principle, design methods, fabrication procedures, static characteristics, and the application areas 
concerning the field effect transistor as a negative resistance device are studied. 


UDC. 621.39:621.376.5 


Theory of Digital Communication System 
Yukio HOSHIKO 
Jour. Inst. Electr. Engineers, Japan. 44, 5, pp. 631-649, May, 1961 


Fundamental problems of digital communication systems, especially for data processing, information source channel 
characteristics, encoding, modulation and pulse transmission are discussed. 


U.D.C. 621.3.002.62 : 658.516 


Coding Economics of Electrical Communication Parts. 
Hideo KUBOKOYA 


Jour. Inst. Electr. Engineers, Japan. 44, 5, pp. 798-805, May, 1961 


Coding economics and lot frequency for minimization of manufacturing costs of parts and correction of coding 
due to periodic variation of demand are described. 


U.D.C. 621.391.832:534.78 :530.132.2 


ae Transmission Quality Estimated from the Point of View of Fluctuation Characteristics of Speech 
ound. 


Shuzo SAITO, Ryoichi MATSUDA 
Jour. Inst. Electr. Engineers, Japan. 44, 5, pp. 816-822, May, 1961 


This paper describes the effects of fl i isti n n 
uctuating characteristics of speech sound i i i i 
' : : s s on the tonal diffe 
the typical frequency response system having single peak in transmission band ie tae 
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U.D.C. 621.396.41.029.631.64 : 621.396.677 

Equipments of Microwave Relay System. (B)-Antenna System 
Keigo OHASI 

Jour. Inst. Electr. Engineers, Japan. 44, 5, pp. 730-735, May, 1961 


Recent development of antenna systems for the broadband radio relay systems are described. 
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